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ABSTRACT
Biochemical agents, including bacteria and toxins, are potentially dangerous and
responsible for a wide variety of diseases. Reliable detection and characterization of small
samples is necessary in order to reduce and eliminate their harmful consequences.
Microcantilever sensors offer a potential alternative to the state of the art due to their
small size, fast response time, and the ability to operate in air and liquid environments. At
present, there are several technology limitations that inhibit application of microcantilever
to biochemical detection and analysis, including difficulties in conducting
temperature-sensitive experiments, material inadequacy resulting in insufficient cell
capture, and poor selectivity of multiple analytes. This work aims to address several of
these issues by introducing microcantilevers having integrated thermal functionality and by
introducing nanocrystalline diamond as new material for microcantilevers. Microcantilevers
are designed, fabricated, characterized, and used for capture and detection of cells and
bacteria.
The first microcantilever type described in this work is a silicon cantilever having
highly uniform in-plane temperature distribution. The goal is to have 100 µm square
uniformly heated area that can be used for thermal characterization of films as well as to
conduct chemical reactions with small amounts of material. Fabricated cantilevers can
reach above 300 oC while maintaining temperature uniformity of 2−4%. This is an
improvement of over one order of magnitude over currently available cantilevers.
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The second microcantilever type is a doped single crystal silicon cantilever having a
thin coating of ultrananocrystalline diamond (UNCD). The primary application of such a
device is in biological testing, where diamond acts as a stable, electrically isolated reaction
surface while silicon layer provides controlled heating with minimum variations in
temperature. This work shows that composite cantilevers of this kind are an effective
platform for temperature-sensitive biological experiments, such as heat lysing and
polymerase chain reaction. The rapid heat-transfer of Si-UNCD cantilever compromised
the membrane of NIH 3T3 fibroblast and lysed the cell nucleus within 30 seconds. Bacteria
cells, Listeria monocytogenes V7, were shown to be captured with biotinylated heat-shock
protein on UNCD surface and 90% of all vaible cells exhibit membrane porosity due to
high heat in 15 seconds.
Lastly, a sensor made solely from UNCD diamond is fabricated with the intention of
being used to detect the presence of biological species by means of an integrated
piezoresistor or through frequency change monitoring. Since UNCD diamond has not been
previously used in piezoresistive applications, temperature-denpendent piezoresistive
coefficients and gage factors are determined first. The doped UNCD exhibits a significant
piezoresistive effect with gauge factor of 7.53±0.32 and a piezoresistive coefficient of
8.12×10−12 Pa−1 at room temperature. The piezoresistive properties of UNCD are
constant over the temperature range of 25−200 oC. 300 µm long cantilevers have the
highest sensitivity of 0.186 mΩ/Ω per µm of cantilever end deflection, which is
approximately half that of similarly sized silicon cantilevers.
UNCD cantilever arrays were fabricated consisting of four sixteen-cantilever arrays of
length 20–90 µm in addition to an eight-cantilever array of length 120 µm. Laser doppler
vibrometry (LDV) measured the cantilever resonant frequency, which ranged as 218
kHz−5.14 MHz in air and 73 kHz−3.68 MHz in water. The quality factor of the cantilever
was 47−151 in air and 18−45 in water. The ability to measure frequencies of the cantilever
iii
arrays opens the possibility for detection of individual bacteria by monitoring frequency
shift after cell capture.
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CHAPTER 1
INTRODUCTION
1.1 Biochemical Detection and Analysis
Biochemical agents, including bacteria and toxins, are potentially dangerous and
responsible for a wide variety of diseases even when encountered in small quantities or
concentrations. Reliable detection and characterization of small samples is necessary in
order to reduce and eliminate their harmful consequences. This requires transducers
capable of fast detection in a wide variety of environments without sacrificing selectivity
and sensitivity.
A wide variety of biological sensor systems is available on the market today ranging
from very large scale fixed installations to hand-held devices. Just as their size varies
dramatically, so do their capabilities for detection and analysis of specific agents. In
general, sensing of a particular agent is done by converting a physical quantity, such as
size, shape, binding affinity, chemical composition or chemical change, into a detectable
output signal. In the detection mode, samples are collected within the environment of
interest and desired particles are extracted for further analysis. Assay identification is
usually based on physical, chemical, optical, electrical or thermal signature of a sample and
its comparison to the relevant data stored in the database. For more advanced analysis,
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identification is carried out in the laboratory settings, which means that expensive
instrumentation may be required and analysis can not be done in real time.
Commercial sensor systems are generally limited by their size, noise from the ambient
environment, and low selectivity [1] and usually suffer from tradeoffs required to run such
systems efficiently. For example, portable sensor systems may have the advantage of small
size, but also suffer from a limited number of distinguishable assays. On the other hand,
larger systems are capable of differentiating between a large number of samples, but the
time to obtain final results also increases.
1.2 Microcantilever for Biochemical Material Analysis
Microcantilever is an attractive alternative to the traditional biochemical sensors due to
its compact size, fast response time, and the ability to operate in either liquid or gaseous
environments [2–4]. Microcantilevers were first introduced for use in AFM [5], but since
then has been successfully applied to chemical and biological sensing applications [6–9].
Miniaturization of cantilevers became possible with advances in micromachining and
microfabrication techniques. A microcantilever is a very sensitive transducer because its
size is on the same scale of the sample being tested (minute amounts of chemical or single
bacteria or virus) [10]. Microcantilevers are often made from single crystal silicon because
of the well-established fabrication process. However, other materials have been used to gain
larger operating range by reducing stiffness or to enhance detection sensitivity and
selectivity as will be described in Section 1.2.4 [11–13].
Cantilever sensors operate on one of two main transduction principles: detection of
static deformation or shift in resonant frequency. Biochemical sensing is enabled through a
chemoselective layer that is attached to one side of the cantilever and aids in immobilization
of desired molecules or biological species on the cantilever surface as shown schematically
in Figure 1.1. This layer can be as thin as a few molecules or can be a relatively thick layer
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Figure 1.1: Scheme illustrating the hybridization experiment. Each cantilever is function-
alized on one side with a different oligonucleotide base sequence (red or blue). (A) The
differential signal is set to zero. (B) After injection of the rst complementary oligonucleotide
(green), hybridization occurs on the cantilever that provides the matching sequence (red),
increasing the differential signal ∆x. (C) Injection of the second complementary oligonu-
cleotide (yellow) causes the cantilever functionalized with the second oligonucleotide (blue)
to bend [7].
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of polymer [3, 14–16]. Analyte binding to the chemoselective layer induces a surface stress
on the cantilever, which in turn induces cantilever deformation [17]. Figure 1.2 shows such
a deformed cantilever and the corresponding stress field. Several cantilevers can be
fabricated on the same chip to allow for simultaneous detection of multiple species. At
least one cantilever in the array is not functionalized and plays a role of a reference to
account for changes in environmental conditions (differential measurement) [18].
Figure 1.2: a)Deformation mode of a cantilever used for chemical sensing; b) Distribution of
the difference of longitudinal and transverse stresses within cantilever [19].
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1.2.1 Static deformation detection methods
Cantilever deformation can be monitored in a variety of ways and are often categorized
according to the method used. Some of the available techniques employ optical and
capacitive methods as well as piezoelectric or piezoresistive material properties. This
section describes these commonly used detection methods along with their advantages and
shortcomings.
Optical Methods An early optical detection used laser interferometry as the main
detection mechanism, in which deflection could be extracted from the interference
pattern between the reference and the sensing light beams [20]. An alternative
optical technique, known as position-sensitive detection (PSD) is used in atomic force
microscopy, where a laser beam bounces off the back of the cantilever onto the
photosensitive detector [21]. The angle at which the beam is reflected changes
together with the cantilever bending, and is translated into the relative shift of the
laser spot on the detector. One of the main advantages of the optical detection
method is the ease of cantilever fabrication as it does not require any electrical
connections to the cantilever and the device can be made from a large number of
different materials as long as they are reflective to the laser. In general, cantilevers
for this detection mechanism have been made from silicon [22], silicon nitride [23],
and polymers [12]. The main shortcoming of this detection technique is the need for
precisely aligned laser and detector as well as poor scalability. When several
cantilevers are used simultaneously, which is often done in biological analysis for
detection of multiple species, the number of optical setups has to be increased
accordingly. This is both cumbersome and cost prohibitive. Attempts have been
made to decrease the number of necessary setups by introducing a new laser scanning
technique capable of sequentially analyzing signal from multiple cantilevers [24].
5
Piezoelectric Detection Piezoelectric detection relies on the transduction of mechanical
deformation (or stress) into an electrical signal through generated electric potential.
Cantilever must first be coated with a piezoelectric film, such as ZnO or PZT [25, 26],
which exhibits piezoelectric effect after being poled. Piezoelectric scheme requires
electrical contacts to the cantilever to collect the output signal. Since special
materials have to be integrated into the cantilever, fabrication process becomes more
complicated than in the case of an optical cantilever.
Piezoresistive Detection Piezoresistivity is defined as change in material resistance,
∆R, due to applied strain, ε, according to
∆R
R
= K
1
ε
(1.1)
where K is gauge factor that varies as a function of material. This means that
cantilever deformation results in change in its resistance, which can be measured
directly. Both metals and semiconductors exhibit piezoresistive effect [27]. Whereas
piezoresistivity in metals is attributed primarily to volumetric changes,
semiconductors show a more pronounced effect due to the deformation of energy
bands, which leads to the change in charge carrier mobility and, consequently,
resistivity [28]. Piezoresistivity was originally discovered by Thomson [29] in 1856
and was confirmed for silicon and germanium by Smith [30] in 1954. Since then,
piezoresistive detection scheme has been widely used in cantilever sensor community
as it requires little additional instrumentation. Because piezoresistors can often be
integrated into the cantilever through selective doping [31, 32], special materials are
not necessary as in the case of piezoelectric detection. In addition, piezoresistive
detection method allows for parallel measurement of cantilever arrays. However,
piezoresistivity in silicon is a strong function of temperature and crystallographic
orientation [33] and must be compensated for using specially designed cantilevers [34].
6
Capacitive Detection In the capacitive mode cantilever and substrate act as two
electrodes separated by a gaseous or liquid medium with permittivity ε, which
depends on the operating conditions. Knowing physical dimensions and properties of
the cantilever and its surrounding medium permits cantilever deflection detection in
the form of capacitance change according to
C =
εA
d
(1.2)
where C is measured capacitance and A is the cantilever electrode surface area
separated by distance d from the fixed substrate [35]. Capacitive detection fails in the
conductive environment and cantilever sensors must be recalibrated every time the
medium changes.
1.2.2 Frequency shift operation
Assuming cantilever can be represented as a lumped mass model with mass, m, the
second order differential equation describing its deflection, y, with time, t is
m∗
d2y
dt2
+ b
dy
dt
+ ky = Feiωt (1.3)
where m∗ = 0.24m, b, and k are its effective mass, damping coefficient, and spring constant
and F is the forcing function with angular frequency ω [36]. A multiplication factor of 0.24
accounts for cantilever mass distribution [37]. The resonant frequency, f0, of such a system
can be shown to be
f0 = 2piω0 =
1
2pi
√
k
m∗
(1.4)
From Equation (1.4), the shift in resonant frequency, ∆f , of the cantilever after the
testing can be correlated to mass change, ∆m, that occurs during the experiment
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according to
∆m =
k
4pi2
(
1
(f0 −∆f)2
− 1
f 20
)
(1.5)
Assuming cantilever stiffness remains constant, the observed shift in frequency due to
physical changes on the cantilever surface, i.e. bacterial binding in biological sensing or
mass loss/gain due to a chemical reaction in chemical testing, is directly related to mass
change. Sensing of mass changes on a femtogram scale has been reported in the literature
[38] with attogram mass resolution obtained when using nanometer-sized cantilevers [39].
The sensitivity of a cantilever sensor is based on the smallest frequency shift that can be
resolved, which depends on the quality factor, Q, of a resonant peak. Quality factor for a
mechanical systems represents the effect of viscous damping relative to the stored energy
and is derived from Equation (1.3) as
Q =
√
km∗
b
(1.6)
Quality factor defines resonant peak size and shape. From Equation (1.6) it is apparent
that Q decreases with increased damping, such as in the case of transition from air to
water. Consequently, sensitivity of the cantilever depends on the medium in which testing
is done. Higher quality factors, i.e. sharper and narrower peaks, lead to higher mass
sensitivity because smaller frequency shifts can be resolved.
In general, the minimum resolvable frequency is limited by cantilever thermal noise and
is given by [40]
∆ω2min =
ω0kBTB
kQ < z2th >
(1.7)
where kB is Boltzmann constant, T is absolute temperature, and B is measurement
bandwidth. < z2th > denotes the mean-square vibrational amplitude defined by the
equipartition theorem as [40]
< z2th >=
kBT
mω20
(1.8)
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Combining Equation (5.11) and (5.12) gives an estimate of minimum detectable frequency
as
∆fmin =
√
f0B
2piQ
(1.9)
with corresponding minimum detectable mass given by Equation (5.10).
1.2.3 Heating Capabilities
The first examples of microcantilevers with integrated heater were demonstrated in
doped silicon, where piezoresistors acted as heaters [41–43]. Since then embedded heaters
have been used for data storage and nano-manufacturing applications [44–46], in which
cantilever tip interacts with a substrate to impart localized heating. The addition of
heating capabilities into biochemical sensors significantly increases the number of
applications that the cantilever can be used for. For example, thermogravimetry [43],
calorimetry [47], and sensing of temperature-dependent chemical reactions [48, 49] become
possible if the cantilever surface can be heated in a controlled manner. Moreover, cantilever
can then be reset into its pristine condition by increasing the temperature and burning off
the leftover residue [38].
The heater is usually introduced through selective doping, which renders some portions
of the cantilever more electrically conductive than others. When voltage is applied to the
cantilever, regions with high dopant concentration readily conduct the current, while
lightly doped or undoped areas experience increase in temperature due to the Joule
heating. Heaters can be as large as the entire surface of the cantilever [50] or may be only a
few nanometers in size [51, 52]. Attainable temperatures strongly depend on the size and
location of the heater and temperature-related material properties. Typical temperatures
for silicon cantilevers are in the range of 500–600oC [53, 54] and can go as high as 900oC
[55] within a few microseconds.
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Most biochemical sensors require uniform temperature distribution over cantilever
surface so that reactions occur simultaneously over the entire sensor area and results can
be interpreted with high level of accuracy. Typical temperature gradients are in the
60–100oC range per 100 µm of length [34, 53, 56]. Chapter 2 of this work presents
cantilevers with improved temperature uniformity.
1.2.4 Material Selection
Cantilevers are traditionally made from silicon due to the well established fabrication
processes [22, 28]. With advances in microfabrication techniques, cantilever size can be
dramatically reduced, while their sensing capabilities are improved to allow for a more
compact and sensitive transducer. Other materials, such as silicon nitride [23, 57], silicon
carbide [58], polymers [59, 60], and diamond [61, 62] have been used. These materials can
have several advantages over silicon depending upon the application, such as more
desirable mechanical properties, improved piezoresistive response, and greater stability in
harsh environments. Some of these alternative materials and their benefits are described in
more detail below.
Silicon Carbide Silicon carbide (SiC) is an attractive MEMS material due to its high
Young’s modulus (424 GPa) and improved resistivity to corrosion as compared to
silicon [11]. Fabricated structures are commonly made for elevated temperature
testing (> 500oC), where silicon carbide does not exhibit any substantial degradation
[63, 64]. Its use in pressure sensing technology is further warranted by the large
piezoresistive effect (gauge factor ≈ 5) that is employed for deflection detection as
was described in Section 1.2.1 [65]. The same effect can be potentially employed in
cantilevers. The use of SiC in biochemical applications is based on biocompatibility
studies, in which cell proliferation and adhesion was shown to be superior on silicon
carbide rather than silicon [66].
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Polymers Oftentimes cantilevers used in biochemical sensing are not reusable and are
discarded after each experiment. This means that while producing sensitive and
reliable sensors, cost-effectiveness is also an issue. Polymers present a much cheaper
alternative to the traditional use of silicon while maintaining biocompatibility [67, 68].
Polymer-based cantilevers are usually more than an order of magnitude softer than
their silicon counterparts, resulting in greater deflection sensitivity [12, 60, 69]. SU-8
is one of the most widely used polymers [12, 69, 70], although fluoropolymer [68],
polystyrene, and polypropylene [60] have also been used for fabrication.
Diamond In recent years diamond has attracted enormous attention in the MEMS
community as a perfect candidate for fabrication of microcantilevers due to its high
strength, low wear, high thermal conductivity, and the ability to tailor electrical
properties [71–74]. The main advantages of diamond over silicon in biochemical
sensors is its stability in harsh environments and the applicability to biological
settings. While silicon has been shown to etch under seemingly neutral conditions,
such as in deionized water [75], diamond remains inert when exposed to conventional
etchants due to its superior resistance to chemical attack [76, 77].
The biocompatibility of diamond has been demonstrated based on the cell adhesion
and response on diamond surfaces [13, 78–80]. In all cases, diamond has shown
enhanced cell adhesion as compared to silicon and several other materials. Diamond
and diamond-like films have been successfully applied to multiple biological
applications, including prosthetic devices [81], joint replacement [82], and eye surgery
[83].
1.3 Work objectives
At present, there are several technology limitations that inhibit application of
microcantilever to biochemical detection and analysis, including difficulties in electrically
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conducting temperature-sensitive experiments, material inadequacy resulting in insufficient
cell capture, and poor selectivity of multiple analytes. This work aims to address several of
these issues by introducing microcantilevers having integrated thermal functionality and by
introducing nanocrystalline diamond as new material for microcantilevers. Microcantilevers
are designed, fabricated, characterized, and used for capture and detection of cells and
bacteria.
The first microcantilever type described in Chapter 2 is a single crystal silicon
cantilever with an integrated resistive heater having highly uniform in-plane temperature
distribution. The goal is to design and fabricate a cantilever with 100 µm square uniformly
heated area that can be used for thermal characterization of films as well as to conduct
chemical reactions with small amounts of material.
The focus of Chapter 3 is on integration of ultrananocrystalline coating (UNCD) into
the cantilever designed in Chapter 2 for its applicability to biological testing. While silicon
portion provides heating capabilities, UNCD layer acts as a biocompatible and electrically
isolated surface for cell adhesion. This chapter demonstrates the use of heated Si-UNCD
composite cantilever in biological environment through application to fibroblast and
bacteria lysing, in which self-heating results in membrane rupture and cell death.
Lastly, a sensor made solely from UNCD diamond is presented in Chapters 4 and 5.
Chapter 4 focuses on the determination of the gauge factor for ultrananocrystalline
diamond, which is necessary for design of piezoresistive cantilevers. Design guidelines for
optimization of deflection sensitivity of these cantilevers are given based on the
experimental data of eight cantilever geometries. UNCD cantilever arrays are examined in
Chapter 5 with analysis concentrating on the measurement of cantilever resonant
frequencies and quality factors. Their application to bacteria capture is discussed.
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CHAPTER 2
SILICON MICROCANTILEVER
HOTPLATES
2.1 Introduction
Microcantilevers with integrated heater-thermometers can be used as cantilever sensors
or can be used in applications where a heated cantilever tip interacts with a surface.
Published work on heated cantilevers mainly focuses on applications where a heated
cantilever tip interacts with a substrate for data storage [1], detection of nanometer-scale
temperature-dependant materials properties [2, 3], or nano-manufacturing [4, 5]. Other
applications use the heated cantilever, rather than just the tip. Microcantilevers with
integrated heater-thermometers have been used for thermogravimetry [6, 7], explosives
sensing [8], and characterization of microfluid flows [9]. Cantilever heating can be used to
clean organic contaminants from the cantilever surface, which can reset the sensor into a
pristine condition [10].
The first demonstrations of self-heated cantilevers were made with piezoresistive silicon
cantilevers that used the piezoresistive region of the cantilever as a heater [6, 11, 12]. A
piezoresistor fabricated into a silicon cantilever heater can provide several hundred degrees
20
of heating, but it is usually fabricated at the base of a cantilever which is the wrong
location as most applications require heating at the cantilever free end or along the length
of the cantilever. By placing the heater at the free end of the cantilever, the heating time
could be reduced [13] and performance could be improved for data storage applications
[1, 14]. For cantilever sensing applications, the cantilever heater can be distributed along
the length of the cantilever [15].
For sensing applications, it is important to know the temperature of the cantilever or
the temperature of the analyte on the cantilever. The uncertainty of the cantilever
temperature is governed by the cantilever temperature calibration uncertainty and the
temperature gradient along the cantilever. The thermal, mechanical, and electrical
characteristics of heated silicon cantilevers is well understood for operation in air [16],
vacuum [17], at low temperature [18], and in liquid [19]. Advances in the characterization
and calibration of heated microcantilevers have provided cantilever temperature calibration
accuracy to within a few percent of the cantilever temperature rise [3]. Thus the main
uncertainty in temperature accuracy for heated microcantilevers is governed by the large
temperature nonuniformity along the length of the cantilever. When an analyte covers
enough of the cantilever such that it is not at a uniform temperature, it is not possible to
sensitively detect a transition temperature, as different parts of the analyte are at different
temperatures. Typical values for temperature gradient along the length of heated
microcantilevers are in the range of 60–100oC per 100 µm of length at the free end of the
device at tested powers [15, 16, 20]. Thus improvements are needed in the temperature
uniformity on heated microcantilevers.
This chapter describes heated microcantilevers designed to have large regions of
uniform temperature. The cantilevers are made from doped single crystal silicon. The
doped regions are resistive heaters, the geometry of which is selected to optimize the
temperature distribution within large areas at the free end of the cantilever. Four
cantilever designs were considered using finite element simulations, and the cantilevers were
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then fabricated and characterized. For three cantilevers with 100 µm width, the
temperature nonuniformity within 100 µm x 100 µm was 2–3%, and for a cantilever having
a width of 150 µm, the temperature nonuniformity was 4% in the same area.
2.2 Design
The main design constraints for heated silicon cantilevers with regions of uniform
temperature are the desired temperature range and the size of the region in which
temperature should be uniform. Most chemical and biochemical reactions proceed at
temperatures below 200oC and so this is the target temperature range for this work. A
square region at the cantilever free end of size 100 µm is chosen to provide sufficient surface
area to conduct most desired sensing. The cantilever electrical resistance should be below
10 kΩ in order to interface well with standard instrumentation. Finally, the fundamental
resonant frequency of the cantilever should be less than 100 kHz to interface with
conventional atomic force microscope instrumentation.
Figure 2.1 shows the four cantilever designs. The cantilevers are 400 µm long and 2 µm
thick. Design C is 150 µm wide, while the rest have width of 100 µm. Cantilever of this
size are appropriate for most cantilever sensing applications [21–23]. Furthermore the
cantilevers are comparable in size to commercially available cantilevers so that the
cantilevers may be easily integrated into AFM. The goal is for a square 100 µm region at
the free end of the cantilever to achieve highly uniform temperature. When a heating
voltage is applied to the cantilever, electrical current flows through the structure mainly
via highly doped (1020 cm−3) regions positioned along two longer sides of the cantilever. A
lightly doped (1017 cm−3) area is located at the free end, where most power dissipation
occurs. Intrinsic, lightly, and highly doped regions are indicated with yellow, red, and blue
colors, respectively. Cantilevers A and B have one heater, while cantilevers C and D have
dual, parallel heaters. The size of the heaters and doped regions is optimized to achieve
22
cantilever designs that could be operated at the desired temperature while maintaining the
best temperature uniformity.
Figure 2.1: Four heated cantilever designs. Each cantilever has different doping regions
optimized to achieve the best temperature uniformity within 100 µm region at the cantilever
free end. The cantilevers are 400 µm long. Cantilevers A, B, and D are 100 µm wide while
cantilever C is 150 µm wide. Cantilevers A and B have one heater, cantilevers C and D have
dual heaters.
In order to predict cantilever temperature distribution, an electro-thermal finite
element model of silicon cantilever was configured in ANSYS. The model was used to
predict heated power and temperature distribution in the cantilever in response to applied
voltage, as well as to predict cantilever electrical and mechanical properties. An
approximate mesh size of 4 µm was chosen from mesh optimization studies. Dependence of
thermal conductivity and electrical resistivity on temperature were obtained from literature
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[20, 24]. Room temperature boundary conditions were applied to the anchor because it
acts as a heat sink [16]. Only a small portion of the anchor was modeled in order to
minimize simulation size. Convection boundary conditions (h = 200 W/m2K) were applied
to all external cantilever surfaces [25, 26].
The cantilever designs were developed and optimized in two stages. First, the overall
cantilever dimensions were varied to understand their effect on temperature distribution.
While cantilever thickness was constrained by the thickness of device layer on the wafer,
cantilever length and width were allowed to vary. Cantilevers less than 200 µm in length
were not desirable because this length was required to achieve a temperature rise of 200oC
at the free end. Length greater than 500 µm was not necessary to achieve the desired
temperature and temperature uniformity, and at this length the cantilever begins to exceed
what is commonly appropriate for AFM integration. Cantilever width did not significantly
affect temperature rise if the width is less than the length. Since a 100 µm region was
chosen as the uniform temperature area, the width must be at least this value.
The second stage of cantilever design involved optimization of the doped regions. With
carrier concentration fixed by the target fabrication process, the location and dimensions of
the heaters were varied. Highly doped areas were placed along the length of the cantilever
to deliver current to the heaters, which extend to the free end. The width of the highly
doped region was varied to ensure hot spot formation close to the end of the cantilever,
which is the target sensing region. In type A and B devices, this region was the widest at
the cantilever base to prevent heat from dissipating close to the anchor and narrowed down
along the length to the location where heat dissipation is desired. The low doped region
towards the end of the cantilever ensured that most power dissipation would occur in this
area rather than at the base. The heater length was varied to find the highest temperature
uniformity. Lengthening the heater area resulted in the temperature hot spot shifting away
from the cantilever free end, while smaller low doped region leads to much larger
temperature nonuniformity.
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As opposed to the first two cantilever designs, C and D devices have dual heaters. The
heater in cantilever D is similar to that in cantilever A with the exception of being split
closer to the anchor so that current is introduced at two different locations into low doped
region. Since cantilever C is wider than the rest, a third trace was added to the design,
effectively putting two heaters in parallel. Device C is expected to reach lower overall
temperatures due to this addition, but its surface area is increased 50% to accommodate
larger samples.
Figure 2.2 shows simulation results for power dissipation and temperature distribution
when cantilever heating power is 20 mW. In type A, B, and D cantilevers most power is
dissipated at the center and the free end, resulting in temperature at the free end close to
200oC. The cutout at the base of cantilever B is a thermal constriction which reduces
thermal conductance from the cantilever. Due to geometry and the location of doped areas,
heating power is more uniformly distributed across type C cantilever as compared to other
device types leading to even surface heating. However, any temperature increase occurring
at the base is counteracted by the heat sinking effect of the substrate and the maximum
temperature reaches only 115oC at 20 mW. Predicted heating power and temperature
distribution for cantilevers A and D are very similar despite the difference in heater
configuration, showing the link between power dissipation and temperature uniformity.
Figure 2(b) shows the prediction that the temperature in 100 µm square area at the free
end is uniform for each cantilever with uniformity better than 2% of average temperature
in this region.
2.3 Fabrication
Cantilevers were fabricated using a silicon-on-insulator (SOI) process similar to other
processes for fabricating heated microcantilevers [13, 15, 16, 20]. Figure 2.3 summarizes the
fabrication process. Fabrication began with an SOI wafer having 2 µm thick device layer
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Figure 2.2: Simulation results for a) dissipated power and b) temperature distributions at
20 mW total dissipated power. Power dissipation closer to the cantilever free end is desired
for higher achievable temperature. Temperature uniformity is within 2% of the average
temperature in 100 µm square area at the cantilever free end for every device.
and a 1 µm thick buried oxide layer on a 400 µm thick handle silicon layer. The device
layer has a resistivity of 1–10 Ω-cm. The cantilever devices were first etched using an
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Figure 2.3: Major fabrication steps to produce heated cantilevers having three regions of
doping from a silicon-on-insulator wafer.
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inductively-coupled plasma (ICP) etcher to form cantilever beam structures. Two
phosphorous ion implantations defined the two regions of doping, with selective
implantation achieved with patterned photoresist. Silicon oxide deposition prior to
diffusion prevented dopants loss and also acted to insulate doped silicon. Ion diffusion at
1000oC for 30 minutes and 2 hours annealed the devices following each doping step to
ensure uniform impurity distribution through cantilever thickness. A silicon oxide layer
insulated the doped silicon from deposited aluminum contacts, which were fabricated with
metal evaporation and etching. Through handle layer ICP etched the wafer backside and
then cantilevers were released by etching the exposed buried oxide layer in 49% hydrofluoric
acid. Figure 2.4 shows scanning electron micrographs (SEM) of fabricated cantilevers.
Figure 2.4: Scanning electron micrographs of fabricated cantilevers.
2.4 Characterization
Electrical, thermal, and mechanical characterization of cantilevers was performed after
fabrication to assess their performance and to compare different device types. Figure 2.5
shows cantilever electrical resistance and dissipated power when operated in simple bridge
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configuration with a 5 kΩ series resistor. The electrical resistivity is a nonlinear function of
temperature, which produces the characteristic curves shown [3, 27]. The transition from
positive to negative temperature coefficient of resistance (TCR) occurs in thermal runaway,
which is one way to assess the performance of heated cantilevers. The cantilever heating
power at which TCR changes varies according to cantilever geometry and surface area. In
general the larger surface area of cantilever C requires higher power to achieve thermal
runaway compared to the lower surface area of cantilever B device, which requires less
power. Cantilevers A and D have very similar electrical responses and their thermal and
mechanical behavior are expected to be similar as well.
Figure 2.5: Electrical characterization of the heated cantilevers. Cantilever electrical re-
sistance and dissipated power are measured as a function of applied voltage to the thermal
runaway point. The measurements are make with a 5 kΩ resistor in series with the cantilever.
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Temperature measurements were performed on the cantilevers using Raman
spectroscopy with 1 µm spatial resolution [3, 16]. Figure 2.6 shows cantilever temperature
with applied voltage, measured at a single point 50 µm from the free end. The trend is
slightly nonlinear with all cantilevers reaching above 250oC at highest tested voltages. The
nonlinear temperature-dependence of cantilever electrical resistance causes temperature to
increase only a little at low power but increases rapidly at higher power. Cantilever C has
the best temperature sensitivity to applied voltage.
Figure 2.6: Cantilever temperature measured 50 µm from the free end using Raman spec-
troscopy. Five measurements are taken at each power for every cantilever. The error bars
do not exceed 2.7oC for any cantilever.
Figure 2.7 shows temperature distribution across each device type at 10 mW and 20
mW total dissipated power. A total of 95 temperature data points were taken at each
power level to fill the area of the cantilever with a mesh size of approximately 20 µm x 25
µm. As expected, temperature increases from room temperature at the cantilever base to
maximum at the free end. Cantilever B has a lower thermal conductance than the other
devices, and heats to well above 100oC at 10 mW heating power. In addition, its heated
portion extends further towards the anchor as compared to other cantilever types so that
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the region of uniform temperature is much larger than the desired 100 µm. Cantilever C
has a much lower temperature due to increased surface area and lack of thermal
constriction. At 20 mW, experimentally obtained temperature distribution closely matches
simulation results with differences being attributed to the fabrication process.
In order to assess temperature uniformity in square area at the cantilever free end,
temperature and its standard deviation are measured at 25 locations throughout this
region on a 10 µm x 25 µm grid. Figure 2.8 summarizes the results, in which temperature
nonuniformity is calculated as percent standard deviation at each power level. Cantilever B
reaches the highest temperature while cantilevers A and D show similar temperature
distributions. Temperature nonuniformity does not exceed 4% for any device, such that at
an average temperature of 250oC, the temperature variation is less than 10oC over the
square region at the cantilever free end. Temperature deviation measurements are limited
by uncertainty in Raman measurements, which is larger than the temperature
nonuniformity at low temperatures. This uncertainty comes from environmental factors,
such as ambient temperature fluctuation and sample vibration, as well as errors in Raman
spectrum peak fitting. At low temperatures, these errors have the same magnitude as
nonuniformity measurements of up to 3.5% of average temperature for cantilever C and
approximately 1% for other devices, but are less significant at higher heating power, at
which Raman uncertainty accounts for 0.4–1% of average temperature.
The cantilever natural frequency, quality factor, and spring constant were determined
in our Asylum MFP-3D AFM. Table 4.1 lists all measured quantities. Three cantilevers of
each type were used for these measurements. From the geometry, cantilever B is expected
to be the softest, followed by A and D device types. Since cantilever C has the largest
constrained area, it also has the largest spring constant. Variation in cantilever thickness
greatly contributes to errors in stiffness. Soft cantilevers are not desirable for thermal
cantilevers operating at high temperatures when their application relies on deflection
detection because such bending can be easily confounded with deflection due to
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Figure 2.7: Temperature distribution in the heated cantilevers measured at a) 10 mW and
b) 20 mW using Raman spectroscopy. Contour plots are obtained from 95 data points on 20
µm x 25 µm grid. The temperature distribution from simulation results at 20 mW in part
c) compares well with measured temperature map of part b).
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Figure 2.8: a) Average temperature and b) temperature uniformity within 100 µm square
region at the cantilever free end. Temperature variation is measured as standard deviation
in this area. At low temperatures uniformity measurements are limited by the accuracy of
Raman thermometry technique.
temperature variation. Resonant frequency is a function of cantilever spring constant and
mass. Higher natural frequency is desired for signal processing purposes, but it should not
exceed 100 kHz to be measured with AFM. All fabricated cantilevers show resonance peaks
below 25 kHz with measurement uncertainties attributed to variation in geometries.
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Table 2.1: Experimental Cantilever Characterization
Cantilever
type
Spring
constant, N/m
Resonant
frequency,
kHz
Quality factor
A 0.56±0.09 17.67±2.02 80.56±19.26
B 0.29±0.07 12.72±1.79 59.71±6.19
C 1.35±0.59 22.17±5.75 80.53±22.14
D 0.69±0.26 19.56±3.22 97.67±19.28
2.5 Discussion and Conclusions
In general, cantilevers with the best temperature uniformity at all required
temperatures, largest operating range for highest sensitivity to input voltage, and
mechanical properties necessary for a specific application are most desirable. Of the four
cantilever types, device B demonstrates the best performance in most of these categories
due to the cutout at the base, which provides the most effective thermal isolation of the
free end from the anchor. Cantilever C can be used in applications where larger surface
area is necessary or if higher stiffness is desired. A and D structures are very similar in
their operation, leading to the conclusion that the overall geometry is the most significant
factor in the design of passively controlled uniformly heated cantilevers.
In conclusion, we have fabricated cantilevers with integrated heater-thermometers that
have improved temperature uniformity. For heated cantilevers that have the heater located
at the free end, the temperature within 100 µm of the free end can vary as much as 50% of
the maximum temperature when hot spot is around 200oC [20]. When the heater is
distributed along the length of the cantilever, this variation is approximately 25% [15]. The
present chapter presents cantilevers having a temperature variation of 2–4% over the same
region, which is about one order of magnitude improvement over the state of the art.
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CHAPTER 3
SILICON-
ULTRANANOCRYSTALLINE
DIAMOND MICROCANTILEVER
HOTPLATES
3.1 Introduction
Microcantilever sensors can be very useful in micro-systems based bioanalytical tools,
where they can potentially be used as sensing elements in applications such as detection of
DNA hybridization [1–4], capture of bacteria or viruses [5, 6], or characterization of single
adherent cell in fluids in a non-invasive manner [7]. Integration of additional functionality
such as localized heating on the microcantilevers is also highly desirable. Such
microcantilevers with integrated resistive heaters have the advantage of locally controlling
temperature in both air and liquid environments and have the potential for use in many
1This work was carried out in collaboration with Prof. R. Bashir’s research group in Electrical and
Computer Engineering, University of Illinois at Urbana-Champaign, who conducted cell preparation and
handling during the experiment as well as scanning electron microscopy after heat lysing.
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biochemical applications [8–10]. Local temperature control could enable improved sample
preparation, compatible with use of smaller sample sizes, and help to realize many novel
biological investigations beyond conventional technologies, especially for
temperature-mediated biological reactions, such as enzyme reaction, DNA hybridization
and cell lysing.
Heat-mediated lysis of cells is a simple and effective method for DNA extraction
[11, 12] and is required for many biotechnological methods including Southern Blotting and
polymerase chain reaction (PCR) [13, 14]. However, due to heat transfer efficiency in
conventional samples, long incubation time (10 minutes, 90-100oC) are required for efficient
DNA extraction from cells suspended in a centrifuge tube [15]. Integrated heating and cell
lysing would be a very desirable function in micro-fluidic lab on chip devices, especially
where cantilevers are used as sensing or processing elements. Cantilevers with rapid and
precise thermal control could offer significant improvements over current approaches, and
potentially can be used to release DNA and RNA from single to just a few mammalian
cells for processing and sensing.
Micro-cantilevers fabricated from doped single crystal silicon can be engineered to have
regions of highly uniform temperature, with temperature that can be calibrated and
controlled to above 250 oC [8]. For such a cantilever to be operated in a liquid for
bio-chemical analysis, it is critical that the cantilevers be passivated with an insulating
material which promotes adhesion of biological entities such as cells. In addition, the
insulating material should be free of pin-holes and defects and not allow current flow
through it when electrically operated in conductive solutions. A novel alternative to the
typically used silicon oxide or silicon nitride passivation films is chemical vapor deposited
(CVD) ultrananocrystalline diamond (UNCD), which has been shown to be superior to
silicon for cell attachment and biochemical stability [16, 17]. Additionally, UNCD can be
deposited on silicon microcantilevers [18] and with a high degree of electrical isolation [19],
allowing the silicon cantilevers to be used as heaters in conductive solutions.
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To maximize the utility of thermally controlled cantilevers, we incorporated UNCD
onto silicon cantilevers to provide a stable chemical surface, thus providing for a
well-characterized and highly uniform temperature distribution and improved cell
attachment. This chapter describes heated silicon-UNCD composite microcantilevers
designed to have large regions of highly uniform temperature. These cantilevers offer the
integrated heating characteristics of silicon with the stability and biological compatibility
of diamond. Our study demonstrates that Si-UNCD cantilevers provide a highly localized
heating platform with high efficiency heat-transfer that induces cell lysis within 30 seconds
at a temperature of approximately 93oC.
3.2 Materials and Methods
3.2.1 Fabrication
Figure 3.1 shows a schematic of a silicon cantilever having an integrated resistive heater
[8] and a 100 nm thick coating of undoped UNCD. The diamond layer on the cantilever
provides a biocompatible and electrically isolated layer on the heating element. Figure 3.2
shows the key steps in the fabrication process. Fabrication began with a
silicon-on-insulator wafer consisting of a 400 µm silicon handle layer, 1 µm buried oxide
layer, and 2 µm silicon device layer. First, the device layer was patterned and etched using
an inductively coupled plasma (ICP) etcher to define the cantilever geometry (Figure
3.2(a)). The silicon cantilever was then selectively doped with phosphorous to form
resistive heating regions and highly conductive current paths (Figure 3.2(b-c)). The device
was annealed at 1000oC for 2 hours after each implantation step to diffuse and activate the
dopant. Electrically conducting traces (1020 cm−3) were patterned along the sides of the
cantilever, while a resistive heater (1017 cm−3) was patterned near the cantilever free end.
The shapes of the doped silicon regions were optimized to maximize the cantilever
temperature uniformity [8]. Next, a 100 nm thick UNCD layer was grown over the entire
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Figure 3.1: Schematic of Si-UNCD cantilever. Cantilever is 400 µm long and 100 µm wide
with 100 nm of UNCD coating on top of 2 µm thick Si.
cantilever structure to produce conformal insulating diamond coating. UNCD was etched
in oxygen plasma with silicon dioxide as a mask to the same dimensions as silicon
cantilever defined in step (a). Contact openings were made in the same fashion. Aluminum
evaporation and wet etching defined electrical contacts to the cantilever (Figure 3.2(e)).
Annealing the device at 400oC for 30 minutes after metal deposition promoted aluminum
adhesion to UNCD. Cantilevers were released via through wafer etching from the backside,
followed by a short dip into 49% HF to remove any exposed silicon dioxide.
Figure 3.3(a) shows scanning electron micrograph of a fabricated cantilever with the
detailed view of 100 nm UNCD coating on silicon layer shown in Figure 3.3(b). The light
gray region at the cantilever base corresponds to the location and geometry of intrinsic
silicon seen through the UNCD layer. Slight cantilever bending was observed due to the
thermal mismatch at the Si-UNCD boundary.
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Figure 3.2: Major steps in fabrication of Si-UNCD cantilevers.
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Figure 3.3: a) SEM images of fabricated Si-UNCD cantilever; b) close up view of the can-
tilever corner showing 2 µm thick silicon cantilever with 100 nm UNCD coating.
3.2.2 Characterization
The electrical and thermal characteristics of the cantilever were determined using well
characterized processes [9]. Figure 3.4 shows cantilever electrical resistance and dissipated
power for a given voltage applied to the cantilever when operated in series with a 5 kΩ
resistor. The cantilever electrical resistance increases over the entire voltage range due to
the decrease in carrier mobility at elevated temperature [20]. The cantilever heater
temperature was measured as a function of the cantilever heating power using Raman
spectroscopy [21]. The UNCD was essentially transparent to our Raman laser and was
43
Figure 3.4: Electrical characterization of the heated Si-UNCD cantilever. Cantilever elec-
trical resistance and dissipated power are measured as a function of applied voltage to the
thermal runaway point. The measurements are made with a 5 kΩ resistor in series with the
cantilever.
assumed to be the same temperature as the silicon heater because of its small thickness.
Figure 3.5 shows measured temperature distribution comprised of 95 data points on a 20
µm × 25 µm grid across the cantilever at three different heating powers. The cantilever
temperature is close to room temperature at the cantilever base and is highest at the
cantilever free end. The temperature uniformity, defined as standard deviation with respect
to the average temperature, is better than 5% over 100 µm of the device length at the free
end as indicated in Figure 3.6. The addition of the diamond layer to the cantilever does
not have a significant effect on temperature variation over cantilever length as compared to
purely silicon cantilevers, as the thermal conductivity of UNCD is low compared to silicon
and the UNCD layer is very thin [22]. At the highest measured power, Si-UNCD cantilever
is capable of heating to above 400oC, which is 62% higher than in a comparable silicon
device [8].
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Figure 3.5: Temperature distribution at various dissipated power obtained using Raman
spectroscopy.
3.2.3 Surface treatments for mammalian and bacterial cell
attachment
The Si-UNCD cantilever was attached and wire-bond in a well of dual-inline package
(DIP). The device was exposed to UV-light and sterilized for at least 12 hours before the
biological experiments. PBS (with calcium and magnesium) was used to wash the device
three times after the sterilization. Poly-L-lysine and Hsp-60 (Heat shock protein-60) were
functionalized on the device surface by the methods described below (see materials and
methods) to enhance cell attachment. Cells, both NIH 3T3 fibroblast (ATCC, Manassas,
VA) and L. monocytogenes V7 (Food Science Department, Purdue University, West
Lafayette, Indiana), were then fluorescently labeled, introduced, and incubated on the
device and were ready for heat-mediated lysing experiment. To further enhance
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Figure 3.6: Average temperature and temperature uniformity within 100 µm square region at
the cantilever end. Temperature variation is measured as standard deviation in this region.
mammalian cell attachment, the devices were first washed with PBS and then poly-L-lysine
(0.01%, Sigma-Aldrich, Inc., St. Louis, MO 63103, USA) was used to coat UNCD surface
(2 hours) before cell attachment. This process enhanced the number of cells attached to
the surface and also improved cell adhesion. To improve bacterial cell attachment, we
immobilized L. monocytogenes V7 on the Si-UNCD cantilever via Hsp60. Biotinylated
bovine serum albumin (B-BSA, Sigma-Aldrich, Inc., St. Louis, MO 63103, USA) at 2
mg/ml in PBS (0.01 M Na2HPO4, 0.01 M NaH2PO4, and 0.5 M NaCl, pH 7.4) was first
added to the device and incubated at ambient temperature for 30 minutes. After washing
the device twice with 0.5% Tween 20 in PBS (PBS-T) and once with PBS, streptavidin (1
mg/ml, Sigma-Aldrich, Inc., St. Louis, MO 63103, USA) was incubated on the device for
15 minutes. Excess streptavidin was removed by washing with PBS-T and PBS (same as
previous washing step). The device was then incubated with biotinylated-Hsp60 (1 µg/ml)
for 1 hour at ambient temperature, followed by washing steps with PBS-T and PBS [23].
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Living (viable) bacteria (108 cfu/ml) were stained with fluorescence dyes and added to the
device at ambient temperature for 1 hour.
3.2.4 Mammalian cell culture and preparation
NIH 3T3 fibroblast cells were used in this study and were cultured in Eagles medium
with alpha modification, supplemented with 10% FBS, 4 mM L-Glutamine and antibiotics
(penicillin, 1000 IU/ml and streptomycin, 1000 µg/ml) at 37oC with 5% CO2, 100%
humidity in a mammalian culture incubator. After incubating for 3 days, the cells reached
a population of 106 cells in a 25 ml flask and were harvested for experiment. Cells were
detached from the flask surface by first washing with pre-warmed (37oC) phosphate
buffered saline (PBS, without calcium and magnesium, Lonza Walkersville, Inc., MD
21793, USA). Pre-warmed Trypsine-EDTA (0.25% Trypsin / 0.53 mM EDTA in HBSS
without calcium and magnesium, ATCC, Manassas, VA 20110, USA) was then introduced
into the flask, 2ml in 5ml culture in 25 ml flask. The flask was gently agitated to have a
uniform coverage of Trypsine-EDTA and then incubated in 37oC for 5 minutes. After
enzyme incubation, 3 ml medium was aspirated into the flask to inhibit Trypsine-EDTA
from further damaging the cells. Cell viability was examined by staining cells with trypan
blue and cells were counted using a hemocytometer on an inverted light microscope. Cells
were seeded at a final concentration of 105 cells/ml.
3.2.5 Listeria monocytogenes culture and preparation
L. monocytogenes V7 were incubated in Luria Bertani (LB) (Lennox, Fisher Scientific,
New Jersey 07410, USA) medium at 37oC and harvested at 16 hours after inoculation to
guarantee a high percentage of live cell population. The concentration of the sample was
≈107 cfu/ml (counted by agar platting) and was further concentrated 10 times by
centrifugation and re-suspension in LB medium. The viability of the bacteria was
confirmed by DiOC6(3) (AnaSpec Inc., San Jose, CA 95131, USA), Hoechst 33258 (Fluka,
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Sigma-Aldrich, Inc., St. Louis, MO 63103, USA), and Propidium Iodide (PI) (Fluka,
Sigma-Aldrich, Inc., St. Louis, MO 63103, USA), which were also used as the live-dead
assay to verify the membrane integrity after heat lysing experiments. Samples with a
concentration of live cells over 80% were used for experiments.
3.2.6 Fluorescent dyes used for live-dead assay
Cell membrane integrity was examined with Propidium Iodide (PI), which can only
penetrate through compromised cell membrane and bind to DNA by intercalating between
the bases. Once PI dye is bound to nucleic acids, its fluorescence is enhanced 20 to 30 fold
and is commonly used for identifying dead cells in a population. DiOC6(3) and Hoechst
33258 were also used as indicators for cell locations and controls. Hoechst 33258 is a DNA
labeling fluorescent dye that can permeate into intact cells and can be used on live or
membrane-compromised cells. DiOC6(3) is a fluorescent dye generally used for staining live
cells by binding to cells endoplasmic reticulum, vesicle membranes, and mitochondria.
3.2.7 Fixation of cells for SEM imaging
Cells were fixed with 2% paraformaldehyde (Methabol-free, Ultra Pure EM Grade),
2.5% glutaraldehyde (EM Grade), and 0.1 M Na-cacodylate buffer, pH 7.4, , (cacodylic
acid, sodium salt solution) (all fixation chemicals were from Polyscience, Inc., Warrington,
PA 18976, USA) at 4oC for 4 hours. Fixed cells were then washed with 0.1 M
Na-cacodylate buffer for 10 minutes on shaker table followed by 37%, 67%, and 95%
ethanol wash, each for 10 minutes, on shaker table. The final washing step consisted of a
triple 100% ethanol wash on shaker table for 10 minutes each time. The device with fixed
cells was stored in 100% ethanol at 4oC, then dried with critical point dryer and coated
with gold/palladium prior to SEM imaging.
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3.3 Results and Discussion
3.3.1 Mammalian cell lysing
NIH 3T3 fibroblast cells were cultured and prepared as described above. Cells were
stained with DiOC6(3) (final concentration 26 µM) and Hoechst 33258 (final concentration
20 µg/ml) to show the condition of the cell membrane and its nucleus. PI (final
concentration 2 µg/ml) was also added to the solution as an indicator of compromised cell
membrane, which is observed when heat creates holes through which PI can penetrate the
membrane and stain DNA and RNA. Cells were added and incubated with poly-L-lysine
coated cantilever at 37oC, 5% CO2, with 100% humidity in a mammalian culture
incubator. Cells were attached and spread on the cantilever during 2 hour incubation, as
shown in Figure 3.7.
Once the cells were attached, they were examined with microscope under bright field as
shown in left image of Figure 3.8(a). Cells appear round and healthy and their viability
was further confirmed with fluorescence before cantilever heating, as shown in the first row
of Figure 3.8(b). The green images show the cells labeled with DiOC6(3) dye which labels
the lipid membrane, the blue images show the labeling of the nucleic acid molecules using
the Hoechst dye indicating the presence of DNA, and the red images show the red
Propidium Iodide stain indicating that the two cells on the upper left were compromised
before the cantilever was heated, while the other two cells with the solid arrow were
healthy. The intensity of the Hoechst dye in these cells was high and localized in a region
within the cells, thus indicating that the nuclear membrane was still intact and the nucleic
acid molecules were confined within the nucleus, whereas, in the two cells with
compromised membranes, the nucleic acid molecules were diffused throughout the cell as
indicated by the cell area (green dye) being about the same as the nuclear area (blue dye).
The cantilever was heated to 93oC with applied voltage of 23 V corresponding to 17
mW of dissipated power as pre-calibrated by Raman spectroscopy (Figures 3.4 and 3.6).
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Figure 3.7: a) SEM image of NIH 3T3 fibroblast cells on Si-UNCD cantilever, b) a close-up
view of a cell attached and spread on the UNCD surface.
The integrity of the cell membrane of the cell located at the cantilever free end was
compromised after heating cantilever for 20 seconds as evident form the additional staining
of its nucleus with PI dye in the middle-right panel in Figure 3.8(b). However, at this point
in the experiment, both PI and Hoechst dyes were restricted to the nucleus showing that
the nucleus membrane had not been completely lysed. After heating the cantilever for an
additional 10 seconds, the Propidium Iodide dye became visible at all cell locations as
shown in the bottom row of figure 3.8(b), indicating that all of the membranes were
compromised. No clear intact cell membrane was observed in the bright field image of
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Figure 3.8: a) NIH 3T3 fibroblast cells grown on the UNCD cantilever before (left) and
after heat lysing at 93oC for 30 seconds (right). The cells are not visible in bright field after
the heat lysing, however clearly visible when fluorescent markers are used. b) Fluorescent
images of the same regions as shown in (a). Hollow arrow indicates two cells were dead from
beginning of the experiment; solid arrows show a progressive cell death during heat lysing.
The cell membrane of one of the healthy cells at the beginning of the experiment started to
become compromised after 20 seconds of heating. Orange solid arrow shows another healthy
cell lysed after 30 seconds of heating. DiOC6(3) labels cell lipid membrane, Hoechst labels
cell DNA, and Propidium Iodide is incorporated into dead cells.
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figure 3.8(a) after the experiment. The nuclear membrane of all the cells was also lysed due
to heating, as shown in the bottom row of Figure 3.8(b), where Hoechst and PI dyes were
diffused throughout the cell.
3.3.2 Bacteria lysing
In addition to the mammalian cells, the heat-lysing assay was also applied to bacteria
cells. Figure 3.9 shows SEM images of Listeria monocytogenes V7 on the Si-UNCD
cantilever. The bacteria cells were first stained and incubated at 37oC with Hoechst 33258
(final concentration 25 µg/ml) for 10 minutes, followed by 10 minutes with Propidium
Iodide (final concentration 2 µg/ml) and 10 minutes with DiOC6(3) (final concentration 20
µM). The bacteria cells were added and incubated with the Hsp60-functionalized cantilever
for the heat-lysing experiment at 37oC for 1 hour.
Before electrically heating the cantilever, the viability of the bacterial cells was
confirmed on the cantilever with fluorescent microscope. As shown in Figure 10(a), only
about 8.5% of the cells were dead or had their membranes compromised (top right-most
panel in Figure 3.10(a)) and over 90% of the cells were healthy under the Green and Blue
filters, as indicated by the lack of penetration of Propidium Iodide. The cantilever was
heated at 93oC for 15 seconds with an applied voltage of 23 V. Figure 3.10(b) shows the
images of bacteria cells taken after the heat treatment. Ratio of live vs. dead was
calculated by percentage of areas covered with cells labeled by Propidium Iodide and
DiOC6(3) respectively. The percentage of areas were processed and calculated with
auto-threshold by ImageJ (National Institude of Health), except cells labeled with
Propidium Iodide before heat treatment, in which only a few cells were labeled and could
not be picked up exclusively by auto-threshold. As shown in Figure 3.10, all of the cells on
the cantilever are compromised, with either all or some of their membranes lysed, due to
the electrical heating as indicated by the penetration of the Propidium Iodide dye in the
cells and the co-location of the membrane dye and the nucleic acid dye. In comparison, for
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Figure 3.9: a) SEM image of Listeria monocytogenes V7 on Si-UNCD cantilever, b) close-up
view of bacteria on UNCD surface.
the images before heating, only 8.5% of the bacteria cells were initially dead as observed
under fluorescent microscope with Tex Red filter and quantified via ImageJ. These results
clearly indicate that the membranes of the bacteria were lysed due to the application of the
high temperature on the cantilever.
3.4 Conclusion
Heat mediated cell-lysing is required for many biochemical assays, especially in
applications requiring a simple way of releasing cell content, such as chromosome, RNA,
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Figure 3.10: Heat lysing of Listeria monocytogenes V7 on Si-UNCD cantilever, a) images
taken before applying heat and b) images taken after experiment with heating at 93oC for
15 seconds. DiOC6(3) labels cell lipid membrane, Hoechst labels cell DNA, and Propidium
Iodide is incorporated into dead cells. Percentages indicate the fraction of cantilever area
covered by bacteria.
and DNA. Lysing cells on a micro-fabricated Si-UNCD cantilever provides an efficient and
target-specific lysing platform for releasing the cell components when combining with
surface chemistry immobilization. As shown in this study, the rapid heat-transfer through
the Si-UNCD cantilever compromised the membrane of NIH 3T3 fibroblast and lysed the
cell nucleus within 30 seconds. Bacteria cells, Listeria monocytogenes V7, were shown to
be lysed within 15 seconds. The rapid and localized heating on the cantilevers themselves
make these devices very attractive for a variety of biochemical analyses and assays.
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CHAPTER 4
PIEZORESISTIVE
MICROCANTILEVERS FROM
ULTRANANOCRYSTALLINE
DIAMOND
4.1 Introduction
Piezoresistive microcantilevers have been used in both atomic force microscopy (AFM)
and biochemical detection [1–3]. In a piezoresistive cantilever, the cantilever deflection is
sensed via strain-dependant cantilever electrical resistance [4, 5]. Most piezoresistive
sensing has been done with silicon-based devices, mainly because of the large piezoresistive
effect and well-established fabrication processes. The disadvantages of silicon piezoresistive
cantilevers are that silicon is not biocompatible, dissolves in water and aqueous solutions,
and its piezoresistive coefficient is strongly temperature dependent [6, 7]. Recent advances
in chemical vapor deposition (CVD) diamond films technology have shown diamond to be
an attractive alternative to silicon for microsystems applications [8–10]. Diamond is
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chemically stable and has biochemical compatibility that exceeds that of silicon [11]. This
chapter reports piezoresistive cantilevers fabricated entirely out of doped and insulating
CVD diamond films.
Ultrananocrystalline diamond (UNCD) is a polycrystalline diamond material with a
very high structural uniformity that results from small grain size, which are around 2–5 nm
[12]. Unlike bulk diamond, the electrical properties of UNCD can range from insulating to
conductor-like by varying doping concentration [13]. UNCD films can be synthesized at
temperatures as low as 400oC, while film thickness can vary from several nanometers to
tens of microns [8, 14, 15]. Efforts in characterization of UNCD films have resulted in
determination of its mechanical [16] and thermal [17] properties at room temperature.
However, little work has been published on the temperature-dependence of UNCD
properties. In particular, the temperature-dependent electrical resistivity has not been
reported for doped UNCD.
Polycrystalline diamond has been used for microelectromechanical systems (MEMS),
including piezoresistive [18] and chemical sensors [19]. Piezoresistive microcantilevers have
been made from polycrystalline [20] and highly oriented diamond [21]. Typically, a thin
layer of diamond is deposited on top of silicon and then patterned in desired regions.
Silicon is then etched away to produce released membranes or cantilevers [22]. The
integrated piezoresistive elements can be fabricated by selective boron doping. While most
published work on diamond microcantilevers has focused on diamond integration into a
silicon element, one group has reported an all-diamond piezoresistive microcantilever using
microcrystalline diamond [20, 21]. Atomic force microscope cantilevers made entirely from
insulating UNCD have also been reported [23]. However, the piezoresistive effect in doped
UNCD and its dependence on temperature remains unexplored.
The piezoresistive sensitivity of a microcantilever can be characterized by the gauge
factor, K, defined in terms of measured resistance change, ∆R, unstrained device
58
resistance, R, and applied strain, ε, as:
K =
∆R
R
1
ε
(4.1)
Gauge factors are directionally dependent with longitudinal, KL, and transverse, KT ,
piezoresistive effects observed when the current is parallel and perpendicular to the applied
stress, respectively. KL for diamond has been measured in the range of 2–1000 [18, 24],
while transverse gauge factor is only a fraction of that value [18, 25]. In general,
piezoresistivity in polycrystalline diamond greatly depends on doping concentration
[18, 24, 26, 27], temperature [18, 24], and grain size [20, 27]. Despite the progress made in
characterization of diamond and diamond-based structures, no work has been published on
piezoresistive UNCD cantilevers.
This chapter investigates the piezoresistive effect in UNCD microcantilevers and reports
on the gauge factor of UNCD material as well as cantilever deflection sensitivity
measurements up to 200oC. Temperature-dependent resistivity in the same temperature
range is measured to complete the analysis.
4.2 Fabrication
Figure 4.1(a) shows the cantilever design concept for a piezoresistive UNCD
microcantilever, where the cantilever consists of a layer of doped conducting UNCD layer
on top of undoped UNCD. Figure 4.1(b) also shows finite element analysis of the
cantilever, described later in the chapter. The multi-layer structure is required for the
cantilever to have an electrical resistance change with cantilever deflection. We consider
four different cantilever designs and cantilever thickness of either 2 µm or 3 µm, resulting
in a total of eight device types. Thinner cantilevers are composed of a 1 µm thick doped
UNCD on top of 1 µm insulating diamond layer, while 3 µm thick devices have 1 µm thick
doped UNCD on top of 2 µm thick insulating diamond. The cantilevers vary in length
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from 300 µm to 400 µm and have a notch that extends 1/3 or 2/3 of the length starting
from the cantilever substrate. The notched region is referred to as the ”leg”, while the rest
of the cantilever is the ”tip”.
Figure 4.1: a) Schematic view of an all-diamond cantilever with doped and insulated UNCD
layers for measurement of the piezoresistive effect in ultrananocrystalline diamond. b) Fi-
nite element simulation mesh showing ”leg” and ”tip” regions used in the analysis of the
piezoresistive effect; probe location and applied displacement, δ, are shown at the cantilever
free end; resistance R is obtained using ANSYS electro-thermal simulation.
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Figure 4.2 shows the cantilever fabrication process, which starts with a
diamond-on-insulator (DOI) wafer having either 2 µm thick or 3 µm thick UNCD device
bi-layer, depending on the cantilever type being made. The UNCD is grown onto a 1 µm
Figure 4.2: Fabrication process for piezoresistive ultrananocrystalline diamond cantilevers.
thick oxide layer on top of 400 µm thick silicon handle wafer. The UNCD film was was
deposited using hot-filament chemical vapor deposition (HFCVD) with methane/hydrogen
chemistry and a 5% CH4/H2 gas mixture. Boron-doped UNCD was synthesized by adding
trimethylboron [B(CH3)3] as a source gas with a boron-to-carbon ratio of 1/330. UNCD
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layer is composed of 1 µm boron-doped UNCD film grown on top of 1 µm (or 2 µm)
conventional UNCD.
In the first step both layers of UNCD are patterned using reactive ion etching (RIE)
using a silicon dioxide mask and an O2 plasma to define the desired structures (Fig.
4.2(a)). 220 nm of Au sputtered on top of a 10 nm Cr adhesion layer forms an ohmic
contact to diamond [28]. Metal wet etching defines contact size and geometry (Fig. 4.2(b)).
The cantilevers are released via through-wafer etching from the handle wafer backside (Fig.
4.2(c)) followed by a short HF dip to remove any exposed silicon dioxide (Fig. 4.2(d)).
About 200 cantilevers can be batch fabricated on one 100 mm diameter wafer.
Figure 4.3 shows scanning electron micrographs (SEM) of fabricated cantilevers. Each
cantilever type is named A, B, C, or D, followed by a number that gives the cantilever total
thickness. Thus, cantilever ”A2” is the ”A” design with 1 µm thick insulating UNCD and 1
µm thick conducting UNCD. A and B cantilevers are 400 µm long, while C and D devices
have an overall length of 300 µm. The notch extends either 1/3 (cantilevers A and C) or
2/3 (B and D designs) of the total length starting at the base. The cantilevers exhibit some
curvature due to the intrinsic differential stress introduced during the growth process. The
cantilever upward tip deflection was about 23 µm and 16 µm for 2 µm and 3 µm thick 400
µm long cantilevers, respectively, indicating that the built-in stress does not change
significantly between cantilevers with similar thicknesses. Figure 4.4 shows an SEM of the
cantilever sidewall, where there is a clear distinction between the boron doped (upper) and
insulating (bottom) UNCD layers. Increased sidewall roughness is observed due to the
tapering of the sidewall during RIE etching of diamond. Table 1 shows geometry details
and resonant frequencies for representative cantilevers. The cantilever spring constant
could not be precisely determined from AFM, but is estimated to be 1–9 N/m from
calculations and from the measured resonant frequency.
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Figure 4.3: Scanning electron micrographs of finished UNCD cantilevers. The cartoon on
the left shows relative dimensions of each cantilever. SEM images are shown for 3 µm thick
cantilevers.
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Figure 4.4: Zoomed in view of 2 µm (top) and 3 µm (bottom) thick cantilevers; top 1 µm
layer is boron doped, while the rest of the structure is made from insulating UNCD , which
is required in order to measure the piezoresistive effect.
4.3 Experimental Setup
Figure 4.5(a) shows the overall experimental setup to test the cantilever piezoresistive
sensitivity, in which cantilever bending is controlled using a nanopositioner. Two
cantilevers are wired into a Wheatstone bridge in close proximity to each other in order to
cancel out the effects of environmental changes and any self-heating (Figure 4.5(b)). The
output signal is amplified 100 times and is collected by a data acquisition system. While
the cantilever chip position is fixed on the circuit board, a tungsten needle probe with 5 µm
tip radius is allowed to move in three orthogonal directions via motorized nanopositioner
stages having 7 nm resolution. The probe is guided into contact with the cantilever free
end under the microscope. The contact can be verified visually and through changes in
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Figure 4.5: Schematic showing the experimental setup for piezoresistivity measurements
showing a) cantilever deflection setup and b) cantilever wiring diagram.
output signal. The location of the probe is measured under the microscope with 150× total
magnification. Computer control of the nanopositioner allows for the cantilever bending to
be carefully controlled. The cantilevers were mounted on a temperature-controlled stage to
measure the temperature dependence of piezoresistivity. The heater stage was capable of
maintaining temperature to within 0.2oC in the range of 25–200oC.
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The cantilever resistance change was calculated from the Wheatstone bridge voltage
output when the applied bridge bias was 1 V. Probe deflection varied from 6.87 µm to
68.66 µm in 13.73 µm increments, except for the first step of 6.87 µm. Sixty differential
voltage readings were taken at each deflection point in 1 second intervals and were repeated
three times for averaging purposes and to correct for signal drift. This procedure was
repeated three times with the probe lifted off the cantilever surface and brought back into
contact between subsequent trials to establish uncertainty due to the probe location.
4.4 Finite Element Simulations
From Equation (4.1), the gauge factor is a function of cantilever strain, its initial
resistance and resistance change due to the applied deformation. While the cantilever
electrical resistance change is obtained experimentally, the resistance measured includes
both the cantilever and electrical contacts. Thus finite element analysis calculates
cantilever initial resistance as well as strain. Separate structural and electrical models are
configured in ANSYS to determine strain and room temperature resistance, respectively.
The cantilever and part of the substrate are modelled in each case with the bottom and
back faces of the anchor fixed. The cantilever portion consists of two layers having
properties of doped and insulating UNCD and dimensions of actual devices. In each model,
cantilever is divided into two regions along the direction of the length of the cantilever: the
”leg” region extends the length of the notch from the fixed substrate, while the ”tip” area
comprises the rest of the cantilever. Figure 4.1(b)) shows a typical mesh with 5 µm
element size. Mesh convergence study was performed in order to obtain accurate results.
In structural simulations, the cantilever substrate is fixed and a point load in the form
of a known deflection is applied at the probe location measured from the experimental
setup. Strain in both longitudinal and transverse directions in leg and tip regions can then
be extracted as volume integrals within the conductive part of the device. The electrical
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model provides values of the initial resistance in both areas of interest based on geometry,
measured electrical resistivity, and thermal conductivity reported in the literature [17].
Only the conductive layer is considered for resistance calculation as the piezoresistive effect
is assumed to come primarily from this part of the structure.
4.5 Results and Discussion
Resistivity measurements The electrical resistivity of UNCD was needed before the
cantilever piezoresistive properties could be analyzed. In order to determine the UNCD
electrical resistivity, we fabricated van der Pauw structures [29] into the UNCD, with a
structure shown in Figure 4.6(a). Four square membranes ranging in size from 100 µm to
400 µm were fabricated on the same wafer as the cantilevers using identical fabrication
processes. Eight measurements were performed on each structure type. First 10 µA of
current was applied to two contacts, while the voltage drop was measured across the two
remaining metal pads. The same procedure was then repeated with perpendicularly
oriented contacts as well as by switching measurement polarity. With 10 µA test current,
resistive heating was less than 0.3 µW, which leads to a negligible temperature rise. The
sheet resistance of the UNCD, Rs, is given by
exp
(
−piRvert
Rs
)
+ exp
(
−piRhoriz
Rs
)
= 1 (4.2)
where Rvert and Rhoriz are average resistances between two vertically and horizontally
oriented contacts [29]. The UNCD electrical resistivity, ρ = Rst with t being the thickness
of the doped layer obtained from SEM. This measurement was repeated over the
temperature range of 25–200oC to establish the temperature-resistivity relationship. At
25oC, the resistivity of UNCD was (94.1± 0.4)× 10−3 Ω-cm for the 2 µm devices and
(99.7± 0.2)× 10−3 Ω-cm for the 3 µm devices. Figure 4.6(b) shows the UNCD electrical
resistivity over the temperature range of 25–200oC. These values are comparable to those
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Figure 4.6: a) Structure used for van der Pauw resistivity measurements showing probe
locations and b) measurement results for 2 µm (squares) and 3 µm (circles) UNCD stacks
at different temperatures.
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reported in the literature on polycrystalline and nanocrystalline diamond with the
downward trend seen due to the increase in carrier concentration resulting from thermal
activation of electrons at higher temperatures [30, 31]. This data is used to calculate
cantilever resistances required for elevated temperature gauge factor extraction as
described below.
4.5.1 Deflection Sensitivity
The cantilever deflection sensitivity, S, can be defined as
S =
∆R
R
1
δ
(4.3)
where ∆R is the electrical resistance change relative to the initial resistance, R, due to
applied cantilever tip deflection, δ. For small deflections, the deflection sensitivity is
directly proportional to the stiffness of the cantilever and depends on the location of
piezoresistor with respect to the neutral axis, which means that it is a strong function of
geometry.
The deflection of the cantilever free end was determined from measurement of the
probe-cantilever contact position and beam bending theory [32]. Since the cantilever is not
a simple rectangular beam, deflection results were confirmed with finite element analysis.
The analytical and finite element results agreed to within 1%. The electrical finite element
model using the resistivity value measured above was used to calculate R by applying small
voltage to the metal contact area and extracting total dissipated power in the doped layer
of the cantilever.
Figure 4.7(a) shows the cantilever relative resistance change as a function of cantilever
end deflection. The resistance change is linear over the entire range of deflections with the
slope corresponding to the deflection sensitivity in the range of 0.047–0.186 mΩ/Ω per µm
of deflection. The sensitivity of similarly-sized silicon piezoresistive cantilevers is about 0.3
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Figure 4.7: a) Relative resistance change as a function of cantilever end deflection. Deflec-
tion sensitivity varies from 0.047 mΩ/Ω-µm up to 0.186 mΩ/Ω-µm depending on cantilever
geometry. The latter value is only slightly smaller than that for standard silicon cantilevers.
b) Measured gauge factor for eight cantilever types with inset showing zoomed in data. The
average gauge factor of UNCD is 7.53±0.32.
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mΩ/Ω-µm [6, 7]. The observed linearity of deflection sensitivity over the entire range of
applied deflections is attributed to the small rotations within the leg portion of the
cantilever, which is responsible for most of the resistance change in the device. Table 4.1
summarizes cantilever deflection sensitivity results along with measured geometry,
experimentally obtained resonant frequency, and initial resistance data from electrical finite
element simulation for all cantilevers.
Table 4.1: Mechanical and electrical properties of piezoresistive UNCD cantilevers and their
measured deflection sensitivity, noise floor, and gauge factor.
Cantilever
type
Total
length,
µm
Leg
length,
µm
Total
thick-
ness,
µm
Resonant
frequency,
kHz
Cantilever
resis-
tance,
kΩ
Deflection
sensitiv-
ity,
mΩ/Ω-µm
Noise
floor,
nV/
√
Hz
Gauge
factor
A2 411 144 2.1 21.28±0.002 9.2 0.062±0.001 12.25±1.74 7.92±0.08
B2 412 276 2.1 21.36±0.002 16.3 0.047±0.001 16.18±2.06 7.80±0.19
C2 318 116 2.1 35.88±0.001 7.7 0.093±0.004 13.69±2.44 7.37±0.29
D2 305 205 2.1 38.06±0.001 12.5 0.075±0.003 18.60±3.03 7.05±0.26
A3 413 145 3.0 31.37±0.003 9.4 0.108±0.002 14.99±2.88 7.75±0.12
B3 412 277 3.0 31.58±0.004 16.6 0.080±0.001 19.33±2.54 7.35±0.06
C3 309 110 3.0 56.35±0.001 7.5 0.186±0.003 12.96±2.23 7.71±0.11
D3 306 205 3.0 54.13±0.002 12.7 0.140±0.001 16.87±2.17 7.32±0.04
The difference in deflection sensitivity values between cantilevers is attributed to the
geometry variations. Long cantilevers (A2, A3, B2, and B3) and devices with large notch
(B2, B3, D2, and D3) are softer than the shorter versions with the same geometry,
resulting in lower deflection sensitivity. Longer cantilevers would however have higher force
sensitivity. In addition, the conductive portion of 3 µm cantilevers is located farther away
from the neutral axis of the device as compared to 2 µm cantilevers. This means that the
doped UNCD layer in the 3 µm cantilevers experience greater strain than the doped
UNCD layer in the 2 µm cantilevers, which translates to larger observed resistance change.
Overall, short and thick cantilevers with small notch and piezoresistor restricted to the top
surface of the device are preferred for high deflection sensitivity.
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The accuracy of deflection sensitivity results is limited by the total noise in the
cantilever, which consists primarily of Johnson noise and 1/f noise. While 1/f noise is
observed at low frequencies, Johnson noise is characterized as white noise that can be
expressed in terms of Boltzmann constant, kB, temperature, T , and cantilever resistance,
R, as
v =
√
4kBTR (4.4)
The noise floor is measured using spectrum analyzer (Stanford Research, SR760) with
results in good agreement with theoretical values as shown in Table 4.1.
4.5.2 Longitudinal Gauge Factor and Piezoresistive Coefficient
While deflection sensitivity depends on cantilever geometry, longitudinal gauge factor,
KL, is a material property, used to predict piezoresisitive response of a device made from a
particular material. Assuming transverse gauge factor is very small, KL is related to the
deflection sensitivity of the cantilever through the longitudinal strain in the leg region, εleg,l
and transverse strain in the cantilever free end εtip,t as
KL =
∆R
R
1
ε
=
∆R
Rlegεleg,l +Rtipεtip,l
=
Sδ
ε
(4.5)
The cantilever gauge factor is calculated from the cantilever sensitivity, deflection, and
strain derived from the structural simulation described above. Figure 4.7(b) shows gauge
factor values calculated for each cantilever type. The average value is 7.53±0.32, which is
well within published data for polycrystalline diamond [18, 20–22, 24]. The UNCD
cantilever gauge factor is approximately 5 times smaller than polycrystalline silicon and 16
times smaller than single crystal silicon [33]. On the other hand, the UNCD gauge factor is
more than double the gauge factor of metals, where most of the effect comes from
dimensional changes induced by deformation [33]. The consistency of gauge factors across
all cantilever types supports the assumption that transverse gauge factor is negligible in
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these cantilevers. Error bars in Figure 4.7(b) show the variation within three
measurements on the same cantilever when probe is lifted off the surface and repositioned
between each test. The probe location must be tightly controlled to accurately estimate
the gauge factor using this technique. A 10 µm uncertainty in probe location results in as
much as ±0.39 variation in KL.
Figure 4.8 shows UNCD cantilever gauge factor over the temperature range 25–200oC
for cantilever C3, which was chosen due to its high deflection sensitivity. The gauge factor
was constant over the measured temperature range. A slight deviation is seen at 200oC due
to the substantial increase in cantilever noise. While the UNCD piezoresistor response was
nearly constant up to 200oC, the gauge factor in p-type polycrystalline silicon doped to
1020 cm−3 decreases by 28% over the same temperature range [33].
Figure 4.8: UNCD gauge factor dependence on temperature with inset showing zoomed in
data. Gauge factor remains constant up to 200oC.
The cantilever piezoresistive coefficient, piL, is related to the gauge factor through
Youngs modulus and Poissons ratio according to KL = 1 + 2ν + EpiL. Assuming UNCD
has a Youngs modulus of 790 GPa and Poissons ratio of 0.057 [16], the UNCD cantilever
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piezoresistive coefficient is approximately 8.12× 10−12 Pa−1. This is 60 times smaller than
polycrystalline silicon and about 100 times smaller than single crystal silicon [33].
4.6 Conclusions
In this work we have shown that ultrananocrystalline diamond can be successfully used
for piezoresistive measurements. We designed and fabricated eight types of all-diamond
cantilevers to measure gauge factor at temperatures up to 200oC. The average gauge factor
at room temperature is 7.53±0.32. Unlike single crystal and polycrystalline silicon,
temperature coefficient of piezoresistivity for UNCD is close to zero. Deflection sensitivity
of up to 0.19 mΩ/Ω per µm of end deflection was measured and recommendations for the
most sensitive cantilever design are given. Resistivity dependence on temperature was
obtained experimentally using van der Pauw method to calculate gauge factors at elevated
temperatures. UNCD piezoresistive properties combined with its biological stability make
it a perfect candidate for biosensor applications.
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CHAPTER 5
ULTRANANOCRYSTALLINE
DIAMOND CANTILEVER ARRAYS
5.1 Introduction
The need for rapid and reliable detection of small concentrations of biological species in
various environments drives the development of miniaturized sensor devices capable of
meeting these needs. Cantilever arrays have been suggested detection of multiple analytes
by means of binding to the cantilever surface [1, 2]. Detection is usually based on
cantilever frequency shift that results from the addition of mass [3, 4] or cantilever
deflection [5, 6]. In either case, the goal is to increase transducer sensitivity so that small
particles (virus or bacteria) can be detected.
High sensitivity can be achieved by changing cantilever mechanical properties, such as
spring constant, k and initial resonant frequency, f0, which depend on material properties
and geometry. Consequently, varying cantilever dimensions may lead to more sensitive
transducers. Most cantilever sensors are made from silicon because of well-established
microfabrication processes. However, silicon undergoes dissolution in aqueous environments
[7] and has poor biocompatibility relative to other materials [8, 9]. Various polymers
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[10, 11], silicon nitride [12, 13], and diamond [14, 15] have been used for individual
cantilevers intended for biological applications, with arrays of silicon nitride cantilevers
showing sensitivity down to one E-coli [12].
Capturing of biological species is usually done by introducing an immobilization layer
on one side of the cantilever consisting of binding receptors [1, 16–18]. This modifies the
cantilever surface to enhance its capturing capability for a specific agent. When species
concentration is small, an active capturing technique is required to accumulate the
minimum detectable number of targeted molecules or particles and to ensure their
concentration at the cantilever free end, where sensitivity to adhesion of additional mass is
maximum. Dielectrophoresis (DEP) has been reported as an effective method for bacterial
capture. DEP operates on a principal of polarization of neutral species as the basis for
particle motion in the presence of non-uniform electric field [19].
This chapter lays the groundwork for the implementation of an all-diamond cantilever
array to bacterial mass sensing through the development of an ultrananocrystalline
diamond (UNCD) device with five cantilever sizes. Cantilever sensitivity to bacterial
binding in aqueous environment is explored through dimensional variations while using
diamond as a stable binding surface. A cantilever array takes into consideration potential
use of piezoresistivity by implementing a trilayer diamond structure shown in Figure 5.1
with doped middle layer. The design is also compatible with dielectrophoretic molecular
capture, where two opposing cantilevers act as a pair of electrodes.
5.2 Fabrication
The cantilever arrays are fabricated using a wafer with a three-layer UNCD film on top
of silicon substrate, which serves as a handle layer. During the fabrication, silicon is etched
away, leaving behind fully released all-diamond cantilevers. The UNCD layer structure
consists of 500 nm thick highly doped UNCD sandwiched between 100 nm and 1 µm thick
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Figure 5.1: Schematic of ultrananocrystalline (UNCD) cantilever array structure with inset
showing all-diamond trilayer cantilever. AC signal applied between two opposing cantilevers
generates non-uniform electric field, which results in bacteria motion towards cantilever free
ends. This phenomenon is known as dielectrophoresis (DEP).
undoped UNCD on the top and bottom. When considering various layer structures, the
final application of the cantilever arrays drives the chosen layer configuration. During
bacterial detection the array will be placed into liquid conductive medium with potential
applied between two opposing cantilevers to take advantage of dielectrophoresis (Figure
5.1) for bacterial capture on the cantilever surface. This requires a conductive path from
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the cantilever base to its free end, where electric field is desired. The cantilever deflection
can also be monitored by piezoresistivity, which also requires electrically conductive layer.
At the same time, conductive portion should be electrically isolated from the environment
to prevent current flow through the media. The bottom and top undoped UNCD layers
have different thickness to take advantage of UNCD piezoresistivity as was discussed in
Chapter 4. Asymmetric deposition of conductive UNCD between two insulating diamond
layers ensures that the neutral bending axis of the beam falls outside the piezoresistive
layer, resulting in maximized piezoresistive signal output during monitoring. Having a
trilayer structure of chosen thickness achieves all of these goals.
Figure 5.2 shows the fabrication process flow for UNCD cantilever arrays. The first step
in the fabrication defines cantilever array geometry. All device sizes are patterned at the
same time using a silicon dioxide mask and oxygen plasma in a reactive ion etcher (RIE) as
shown in Figure 5.2(a). The mask is then removed with buffered oxide etch (BOE) and 200
nm thick silicon nitride layer is deposited as a mask to define vias. Holes are etched
through the top 100 nm layer of undoped UNCD to expose conductive diamond (Figure
5.2(b)). A 200 nm thick layer of gold is sputtered on top of a 10 nm chromium adhesion
layer and then etched as shown in Figure 5.2(c) to form electrical contacts to each set of
similarly sized cantilevers. Two contacts are defined for each cantilever in 120 µm device
array for piezoresistive functionality, whereas only one metal pad is patterned for each
smaller cantilever due to space limitations. At this point, another 500 nm of silicon nitride
is deposited to protect metal during final release of the cantilevers and to provide a
permanent coating on top of the substrate for electrical isolation during testing. As
opposed to the fabrication of individual cantilevers, the final release of arrayed structures is
done by means of KOH etching from the front side due to the small cantilever size (Figure
5.2(d)). The final cantilever length is important in obtaining required device sensitivity to
captured bacteria, however backside release does not provide necessary etching tolerances.
KOH etching is well controlled with etching rates based on the solution concentration and
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Figure 5.2: Fabrication process for ultrananocrystalline diamond cantilever arrays showing
the main steps: a) array geometry is simultaneously defined for all cantilever sizes, b) top
layer of undoped UNCD is etched to expose conductive UNCD, c) a layer of chromium/gold
is sputtered and patterned to form electrical contacts, and d) cantilevers are released from
the front side with KOH etching.
temperature [20]. A 1.5 hour etch in 30% KOH solution at 80oC yielded a well
approximately 180 µm deep.
Figure 5.3 shows scanning electron microscope (SEM) images of finished cantilever
arrays. Finished cantilevers range in size from 120 µm to 20 µm long with width varying
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Figure 5.3: Scanning electron micrograph images of finished UNCD cantilever arrays showing
a) 20 µm × 8 µm, b) 40 µm × 20 µm, c) 75 µm × 30 µm, d) 90 µm × 40 µm, e) 120 µm ×
100 µm, cantilevers. All of these cantilevers are fabricated on the same chip. Silicon nitride
covers metal contacts to doped UNCD for array use in conductive liquid medium.
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between 100 µm and 8 µm. All of the cantilevers except for the leftmost pair in the set of
20 µm and 40 µm long devices are released. The unreleased pairs were formed during the
initial patterning of photoresist on UNCD surface for array definition. The spacing
between these facing cantilevers is set at 1 µm, which is below the resolution limit for
negative resist used in this step. The substrate is coated with a layer of silicon nitride with
all-diamond cantilevers protruding into the well opening. Table 5.1 presents a summary of
fabricated devices.
Table 5.1: Summary of fabricated cantilever arrays. Each array chip consists of five cantilever
sizes with either 8 or 4 cantilever pairs per size.
Cantilever
type
Length, µm Width, µm
Thickness,
µm
Total
number of
available
pairs
I 120 100 1.6 4
II 90 40 1.6 8
III 75 30 1.6 8
IV 40 20 1.6 8
V 20 8 1.6 8
5.3 Determination of Resonant Frequency
5.3.1 Theoretical Analysis
Expected resonant frequencies, f0, for the fabricated cantilevers are given by
f0 =
1
2pi
√
k
m∗
(5.1)
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where k is cantilever spring constant and m∗ = 0.24m is the effective mass with m being
the mass of the device and factor of 0.24 accounting for cantilever mass distribution [21].
For a rectangular cantilever with length L, width w, thickness t, and Young’s modulus E,
spring constant and mass are evaluated as
k =
3EI
L3
=
Ew
4
(
t
L
)3
(5.2)
m = ρLwt (5.3)
where I = wt3/12 is the moment of inertia of the cross-section with respect to the bending
axis and ρ is the density of the cantilever material. Substituting Equation (5.2) and (5.3)
into Equation (5.1), the frequency is
f0 =
t
4piL2
√
E
0.24ρ
(5.4)
This relationship does not take into consideration cantilever damping, which may be
substantial for viscous mediums, such as water. Resonant frequency of a rectangular
cantilever beam immersed in fluid with viscosity µ can be approximated by the following
model [22]:
ffluid = f0
(
1 +
piρfw
2
4µ
Γr
)−1/2
(5.5)
where ρf is the density of fluid and Γr is a real part of the hydrodynamic function.
Assuming Young’s modulus of 790 GPa [23], diamond density of 3500 kg/m3 [24], and
thickness of 1.6 µm, the calculated frequencies for all cantilever sizes in air and water are
shown in Table 5.2. Because frequency is proportional to L−2, it increases rapidly as length
is reduced.
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Table 5.2: Calculated spring constant and resonant frequencies of five cantilever types in air
and water environments.
Cantilever
type
Measured
length, µm
Measured
width, µm
Calculated
spring
constant,
N/m
Calculated
frequency
in air, kHz
Calculated
frequency
in water,
kHz
I 124.5 99.7 42 249.4 63.3
II 99.5 38.2 31 392.6 149.2
III 80.0 28.3 45 608.0 260.8
IV 44.9 17.9 160 1932.8 994.2
V 26.5 5.9 256 5555.7 3945.0
5.3.2 Cantilever Characterization
In order to take advantage of the electrical functionality of UNCD cantilever arrays,
fabricated chip is mounted on and wire bonded to a dual-inline package (DIP) (Spectrum
Semiconductors) as seen in Figure 5.4. This allows for quick integration of the chip into
DEP circuitry. A polydimethylsiloxane (PDMS) well is positioned on top of the chip to
produce a reservoir for liquid testing. The chip assembly is placed into vacuum oven for 20
minutes after water is introduced into the well to eliminate air bubbles trapped around
cantilevers.
Measurement of resonant frequencies is carried out with the laser doppler vibrometer
(LDV) system (Polytec). Figure 5.5 shows the overall measurement setup. In the setup, a
HeNe laser beam is split into a reference and measurement beams, which are positioned on
the chip substrate and free end of the cantilever, respectively, with their interference
pattern dependent on cantilever vibrational response. Thermally-generated vibrations are
converted into an output signal in the form of either velocity or displacement readings,
where resonant frequencies are observed as an increase in signal. Because data acquisition
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Figure 5.4: Fabricated UNCD cantilever array chip mounted on and wire bonded to a dual-
inline package (DIP) package.
system of the LDV is only capable of recording signals below 1 MHz and some of the
expected frequencies are above this threshold (Table 5.2), the output signal was collected
with a spectrum analyzer (Agilent 4395A) instead. In addition, the amplitude of thermal
vibration in the cantilever is on the order of a picometer, which produces a voltage output
of only 80 µV assuming 100% reflectivity. To increase vibrational amplitude, cantilever
arrays are driven by applying an external vibration through PZT piezo stage (Piezo
Systems) positioned directly underneath the cantilever chip. A single frequency sinusoidal
signal is applied (Agilent 33120A function generator) and corresponding output signal is
recorded over a range of frequencies that includes calculated resonant frequency. A new
frequency spectrum is constructed from the peak value of each measurement. An example
of reconstructed data is shown in Figure 5.6 with blue solid curve showing original peaks at
16 frequency values and red dotted curve corresponding to the created resonant peak of a
cantilever. One of the disadvantages of such setup arises during measurement in liquid
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Figure 5.5: Schematic of laser doppler vibrometer (LDV) measurement setup. Measurement
beam is placed on the vibrating free end of the cantilever, while reference beam is positioned
on a fixed substrate. Cantilever vibration is amplified through PZT piezo stage driven by
function generator. LDV output signal is collected with spectrum analyzer.
when standing waves are generated in water due to the piezo vibration [25] and appear in
the form of multiple resonant peaks.
Table 5.3 presents an overview of frequencies measured in air and deionized water.
The experimentally obtained frequencies of 218–5143 kHz in air and 73–3675 kHz in water
are within 15% of the calculated values shown in Table 5.2. The difference is attributed
primarily to errors in thickness and Young’s modulus as well as viscous damping. Quality
factors, Q, are calculated based on the Lorentzian fit of each peak [26]
y(f) = S +
A
pi
[
γ
4 (f − f0)2 + γ2
]
(5.6)
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Figure 5.6: An example of collected data (blue, solid curve) and reconstructed resonant
peak (red, dashed curve) of a 20 µm × 8 µm cantilever. Experimental data is obtained by
simultaneously driving the piezo stage over the range of frequencies that includes calculated
resonant frequency and recording LDV output signal. Resonant peak is constructed by fitting
a curve through the peak values of the experimental data.
with
Q =
√
km∗
b
=
f0
γ
(5.7)
where S is an offset, A is a scaling factor, b is a damping coefficient, and γ is a full width
at half maximum (FWHM) of the peak. As expected, Q increases with decreasing
cantilever size and is smaller in water as compared to air due to damping as described by
Equation (5.7). Measured quality factors for water with viscosity µ = 9.59× 10−4 kg/m2s
are comparable to theoretical values [22]
Q =
4µ
piρfw2
+ Γr
Γi
(5.8)
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Table 5.3: Measured frequencies of five cantilever types with corresponding quality factors;
measurements are done in air and deionized water.
Cantilever
type
Measured
frequency
in air, kHz
Q in air
Measured
frequency
in water,
kHz
Q in water
Calculated
Q in water
I 218 47 73 18 21
II 349 58 143 29 13
III 549 86 236 32 12
IV 1761 126 904 41 15
V 5143 151 3675 45 14
where Γr and Γi are real and imaginary components of a hydrodynamic function. The
discrepancies in Q are attributed to low length to width ratio, which violates one of the
assumptions for the validity of this model.
5.4 Mass Sensing
The purpose of the cantilever array is to capture and detect the presence of a single
bacteria. Measured cantilever resonant frequencies give an estimate of the minimum
resolvable change in mass. When mass is added to the cantilever end, the resonant
frequency changes according to Equation (5.1) as
f0 −∆f = 1
2pi
√
k
m∗ +∆m
(5.9)
which can be rearranged to give mass change of
∆m =
k
4pi2
(
1
(f0 −∆f)2
− 1
f 20
)
(5.10)
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Assuming thermal vibration only, the smallest detectable frequency is given by [27]
∆ω2min =
ω0kBTB
kQ < z2th >
(5.11)
where ω is angular resonant frequency, kB is Boltzmann constant, T is absolute
temperature, and B is measurement bandwidth. < z2th > denotes the mean-square
vibrational amplitude defined by the equipartition theorem as [27]
< z2th >=
kBT
mω20
(5.12)
Combining Equation (5.11) and (5.12) gives an estimate of minimum detectable frequency
as
∆fmin =
√
f0B
2piQ
(5.13)
with corresponding minimum detectable mass given by Equation (5.10) where
∆f = ∆fmin. Calculated values of ∆fmin and ∆mmin based on measured quality factors,
measurement bandwidths, and theoretical spring constants (Equation (5.2)) are shown in
Table 5.4. Table 5.4 suggests that only the smallest cantilevers are capable of detecting
one bacteria whose approximate mass is 1 pg [28]. However, in our case, vibration
amplitude is amplified by piezoelectric actuation so that estimated minimum resolvable
frequency provides a conservative estimate.
Several alternatives are available for increasing mass sensitivity. First option deals with
decreasing measurement bandwidth. The minimum resolvable frequency is directly
proportional to the bandwidth, which in this work is set to 6 kHz for all cantilevers except
for the smallest one. This is done to ensure that the resonant peak is well within the
measurement range. It is, however, observed that the quality factor of each driven peak is
greater than 10000 for all cantilever sizes, meaning that it is possible to take data over the
range of only a few Hz without sacrificing resolution. In this manner, measurement
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Table 5.4: Minimum detectable frequency and mass change for five cantilever types.
Cantilever
type
Measured
frequency
in water,
kHz
Q in water
Spring
constant,
k, N/m
Minimum
detectable
frequency,
∆fmin, kHz
Minimum
detectable
mass,
∆mmin, kg
I 73 18 42 1971 1.1 × 10−11
II 143 29 31 2168 1.2 × 10−12
III 236 32 45 2651 4.7 × 10−13
IV 904 41 160 4589 5.1 × 10−14
V 3675 45 256 36052 9.6 × 10−15
bandwidth can be decreased to several hertz, which would lead to a two order of magnitude
decrease in minimum detectable mass.
Mass sensitivity can also be increased by scaling down cantilever dimensions. From
Equation (5.2) it is evident that small changes in cantilever length and thickness lead to
large differences in stiffness, while the initial resonant frequency is a complex function of all
three cantilever dimensions. Figure 5.7 shows the dependence of minimum resolvable mass
on cantilever length and width for 1 µm and 2 µm thick cantilevers.
This analysis considers changes in stiffness, resonant frequency, and quality factor as
defined in Equations (5.2), (5.5), and (5.8), respectively. For the same cantilever thickness,
smaller length and width are desirable to produce a cantilever with higher mass sensitivity.
However, if the length to width ratio is fixed, stiffer cantilevers are more sensitive. This
trend is explained by the increase in quality factor observed in thicker cantilevers, which in
turn results in better frequency resolution.
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Figure 5.7: Theoretical minimum resolvable mass, ∆mmin, for cantilevers of different sizes.
∆mmin is calculated from Equation 5.10 with ∆f = ∆fmin given by Equation 5.13. The
calculation accounts for change in initial resonant frequency, quality factor, and stiffness due
to variation in cantilever dimensions.
5.5 Conclusion
This chapter presented the fabrication of all-diamond cantilever array developed for
mass sensing in biological applications. Five ultrananocrystalline diamond cantilever arrays
ranging in size from 120 µm × 100 µm to 20 µm × 8 µm are fabricated on a silicon
substrate. By design the chip is compatible with dielectrophoresis and deflection of the
largest cantilevers can be monitored with integrated piezoresistor. Measurement of
resonant frequencies showed that 20 µm × 8 µm UNCD cantilevers are capable of
detecting the mass of one bacteria, although modifications can be made to increase mass
sensitivity even further. Recommendations for increasing mass sensitivity based on the
measurement technique and scaling down of cantilever sizes are made.
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CHAPTER 6
CONCLUSIONS AND FUTURE
WORK
This dissertation addressed several issues hindering the progress of cantilever
application to biochemical detection and analysis. The research focused on two main areas
of interest: 1) introducing uniform heating capabilities into the cantilever for biochemical
analysis and 2) integration of novel ultrananocrystalline diamond material into fabricated
structures for use in biological environments.
This part of the work presented design, fabrication, and characterization of single
crystal silicon heated microcantilevers with temperature uniformity improved by one order
of magnitude as compared to the state of the art. Temperatures in excess of 300oC with
uniformity under 4% were measured over 100 µm square area located at the cantilever free
end. Chemical experiments can be performed with greater accuracy and simpler result
interpretation because contact surface or analyte are at uniform temperature.
Two new types of sensors utilizing ultrananocrystalline diamond were then
implemented for operation in biological environment. First, selectively doped silcion
cantilever was coated with 100 nm UNCD to produce a device with heating capabilities
and biocompatibility of diamond. Its use was demonstrated through heat lysing, where
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fibroblast and bacterial cell death were observed after heat application for less than 1
minute. This application showed Si-UNCD composite cantilevers to be a suitable platform
for temperature-mediated experiments that can be used for other biological testing, such as
polymerase chain reaction (PCR).
To extend the work on heated Si-UNCD cantilevers, these composite devices can be
applied to polymerase chain reaction (PCR), a widely used technique for DNA
amplification. PCR requires thermal cycling in the temperatures range of 70-100oC to
amplify a single DNA by several orders of magnitude. Once DNA is extracted from the cell
via cell lysing as described in present work, PCR can be conducted on the same surface,
eliminating the need for intermediate steps. In addition, while large-scale, specialized
instruments are slow, cantilever is capable of reaching necessary temperatures in less than
1 ms so that the entire process takes significantly less time.
Cantilevers made solely from UNCD with doped/undoped layering structure were
introduced to measure piezoresistive effect in ultrananocrystalline diamond. A gauge factor
of 7.53±0.32 was determined based on modelling and experimental measurement of eight
devices with temperature coefficient of piezoresistivity in the range of 25–200oC close to
zero. Short cantilevers were observed to have the highest deflection sensitivity of 0.19
mΩ/Ω per µm of end deflection. Temperature dependence of electrical resistivity of UNCD
was measured using van der Pauw structures fabricated together with cantilevers in order
to predict cantilever resistance change more accurately.
Following the fabrication of individual UNCD cantilevers, an array of UNCD beams
having piezoresistive functionality and electrical connections for possible application of
dielectrophoresis was designed and fabricated for bacterial mass sensing. Five cantilever
arrays varying in length from 120 µm down to 20 µm were made on the same chip for
measurement of resonant frequency and quality factor and calculation of corresponding
mass sensitivity. Frequencies ranging between 218 kHz and 5.14 MHz in air and 73 kHz
and 1.38 MHz in water with the respective quality factor of 47–151 and 18–45 were
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measured for fabricated devices. Based on these values, it is estimated that the smallest
cantilevers are capable of sensing the presence of one E-coli bacteria. This work laid the
foundation for experimental bacterial capture and detection.
In this work, cantilever array frequency measurements are done optically via laser
doppler vibrometry. This becomes time consuming as frequencies are measured one
cantilever at a time. A faster technique would employ piezoresistive effect in
ultrananocrystalline diamond so that deflection of all cantilevers can be monitored
simultaneously by tracking voltage output from a Wheatstone bridge corresponding to each
individual cantilever. This would require integration of additional contact pads so that
each cantilever can be addressed separately.
Lastly, mass sensing using UNCD cantilever arrays can now be carried out. Based on
preliminary work, it is recommended that an immobilization layer is incorporated onto the
cantilever surface to promote bacteria attachment. Otherwise, bacteria tends to migrate
rendering resonant frequency measurements inconsistent. Mass sensing measurements may
require integration of fluorescent imaging into LDV system so that the presence of
fluorescently-labeled bacteria can be verified using the microscope.
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APPENDIX A
Fabrication of Silicon Hotplates
Wafer specifications: SOI Wafer < 100 >, diameter: 100 mm
Device layer thickness: 2 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
Handle thickness: 400 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
Box layer thickness: 1 µm
1. Cantilever formation
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR NR7-1500P: 1000 rpm – 35 sec
iv. Soft bake: 150oC – 1.5 min
(b) Photolithography – mask 1
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 30 sec/hard contact
iii. Post-exposure bake: 100oC/2 min
iv. Development: RD-6, 13 sec
v. Hard bake: 120oC/10 min
(c) Topside Si etch
i. Equipment: Plasmatherm SLR 770 ICP
ii. Recipe: bosch-1
(d) Piranha clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
2. Low dosage implantation
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(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 2
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 18 sec/hard contact
iii. Development: MF-319, 50 sec
iv. Hard bake: 120oC – 25 mins
(c) Low dosage ion implantation of entire beam
i. Equipment: Core Systems
ii. Recipe: 2.51×1013 atoms/cm2 / 200 keV / Phosporous
(d) Photoresist stripping
i. Recipe: soak in acetone for 30 min
(e) Piranah Clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(f) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
(g) Diffusion
i. Equipment: anneal tube furnace
ii. Recipe: 1000oC, 30 min
(h) BOE
i. Time: 5 min
3. High dosage implantation
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 3
i. Equipment: EV Group 420 Double Side Aligner
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ii. Exposure time: 18 sec/hard contact
iii. Development: MF-319, 55 sec
iv. Hard bake: 120oC – 30 mins
(c) High dosage ion implantation of heater regions
i. Equipment: Core Systems
ii. Recipe: 2.51×1016 atoms/cm2 / 200 keV / Phosporous / 45o tilt
(d) Photoresist stripping
i. Recipe: soak in acetone overnight
(e) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(f) Oxygen plasma
i. Equipment: reactive ion etcher
ii. Recipe: ztdai O2
iii. Time: 5 min
(g) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
(h) Diffusion
i. Equipment: anneal furnace
ii. Recipe: 1000oC, 2 hours
4. Via formation and metallization
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 4
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 20 sec/15 µm separation
iii. Development: MF-319, 55 sec
iv. Hard bake: 110oC – 10 mins
(c) Top side oxide etch
i. Equipment: Freon RIE
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ii. Gas: CF4
iii. Etch depth: 400 µm
(d) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(e) BOE Dip
i. Recipe: BOE
ii. Time: 10 sec
(f) Aluminum deposition
i. Equipment: E-beam evaporator
ii. Recipe: 1.5 µm aluminum
(g) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
(h) Photolithography – mask 5
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 35 sec/20 µm separation
iii. Development: MF-319, 55 sec
iv. Hard bake: 110oC – 10 mins
(i) Aluminum etch
i. Recipe: aluminum etchant type A, at 50oC
ii. Etch time: 4 min
(j) Photoresist stripping
i. Recipe: soak in acetone
ii. Time: 5 min
(k) Sintering
i. Equipment: Lindberg furnace
ii. Temperature: 400oC
iii. Time: 30 min
(l) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
5. Cantilever Release
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(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
iv. Hard bake: 110oC – 10 min
(b) BOE Dip
i. Recipe: BOE
ii. Time: 15 sec
(c) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 200 rpm/sec – 40 sec
iii. Softbake: 150oC – 2 min
(d) Photolithography – mask 6
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 25 sec/50 µm separation
iii. Post-exposure bake: 100oC – 2 mins
iv. Development: RD-6, 70 sec
v. Hard bake: 120oC – 2 mins
(e) Cleave wafer into 4 quarters
(f) Spin photoresist on carrier wafer
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 40 sec
iii. Attach 1/4 wafer to carrier wafer
iv. Hard bake: 120oC – 10 min
v. Hard bake: 140oC – 20 min
(g) Topside Si etch
i. Equipment: Plasmatherm SLR 770 ICP
ii. Recipe: bosch-1
iii. Depth: 400 µm
6. Final release
(a) Soak to separate wafers
i. Recipe: photoresist stripper 1165 at 80oC
ii. Time: overnight
(b) HF dip
i. Recipe: 49% HF
ii. Time: 40 sec
(c) SEM
i. Equipment: Hitachi SEM S4800
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APPENDIX B
Fabrication of Silicon-Ultrananocrystalline
Diamond Hotplates
Wafer specifications: SOI Wafer < 100 >, diameter: 100 mm
Device layer thickness: 2 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
Handle thickness: 400 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
Box layer thickness: 1 µm
1. Cantilever formation
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR NR7-1500P: 1000 rpm – 35 sec
iv. Softbake: 150oC – 1.5 min
(b) Photolithography – mask 1
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 30 sec/hard contact
iii. Post-exposure bake: 100oC – 2 min
iv. Development: RD-6, 13 sec
v. Hard bake: 120oC – 10 min
(c) Topside Si etch
i. Equipment: Plasmatherm SLR 770 ICP
ii. Recipe: bosch-1
(d) Piranha clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
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2. Low dosage implantation
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 2
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 18 sec/hard contact
iii. Development: MF-319, 50 sec
iv. Hard bake: 120oC – 25 mins
(c) Low dosage ion implantation of entire beam
i. Equipment: Core Systems
ii. Recipe: 2.51×1013 atoms/cm2 / 200 keV / Phosporous
(d) Photoresist stripping
i. Recipe: soak in acetone for 30 min
(e) Piranah Clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(f) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
(g) Diffusion
i. Equipment: anneal tube furnace
ii. Recipe: 1000oC, 30 min
(h) BOE
i. Time: 5 min
3. High dosage implantation
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 3
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i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 18 sec/hard contact
iii. Development: MF-319, 55 sec
iv. Hard bake: 120oC – 30 mins
(c) High dosage ion implantation of heater regions
i. Core Systems
ii. Recipe: 2.51×1016 atoms/cm2 / 200 keV / Phosporous / 45o tilt
(d) Photoresist stripping
i. Recipe: soak in acetone overnight
(e) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(f) Oxygen plasma
i. Equipment: reactive ion etcher
ii. Recipe: ztdai O2
iii. Time: 5 min
(g) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
(h) Diffusion
i. Equipment: anneal furnace
ii. Recipe: 1000oC, 2 hours
4. UNCD deposition and patterning
(a) UNCD deposition
i. Advanced Diamond Technologies
ii. Thickness: 100 nm
(b) Silicon nitride deposition
i. Equipment: STS PECVD
ii. Recipe: ztda5MF
iii. Thickness: 300 nm
(c) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR7-1500P: 3000 rpm – 40 sec
iii. Soft bake: 150oC – 1.5 min
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(d) Photolithography – mask 1
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 30 sec/hard contact
iii. Development: RD-6, 25 sec
iv. Hard bake: 110oC – 10 mins
(e) Silicon nitride etch
i. Equipment: Freon RIE
ii. Gas: CF4
iii. Time: 5 min
(f) UNCD etch
i. Equipment: Freon RIE
ii. Gas: O2
iii. Time: 15 min
5. Via formation and metallization
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 4
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 20 sec/15 µm separation
iii. Development: MF-319, 55 sec
iv. Hard bake: 110oC – 10 mins
(c) Oxide etch
i. Equipment: Freon RIE
ii. Gas: CF4
iii. Time: 12 min
(d) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(e) BOE Dip
i. Recipe: BOE
ii. Time: 10 sec
(f) Aluminum deposition
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i. Equipment: E-beam evaporator
ii. Recipe: 1.5 µm aluminum
(g) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
(h) Photolithography – mask 5
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 35 sec/20 µm separation
iii. Development: MF-319, 55 sec
iv. Hard bake: 110oC – 10 mins
(i) Aluminum etch
i. Recipe: aluminum etchant type A, at 50oC
ii. Etch time: 4 min
(j) Photoresist stripping
i. Recipe: soak in acetone
ii. Time: 5 min
(k) Sintering
i. Equipment: Lindberg furnace
ii. Temperature: 400oC
iii. Time: 30 min
(l) Oxide Deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Thickness: 400 µm
6. Cantilever Release
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
iv. Hard bake: 110oC – 10 min
(b) BOE Dip
i. Recipe: BOE
ii. Time: 15 sec
(c) Spin photoresist
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i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 40 sec
iii. Softbake: 150oC – 2 min
(d) Photolithography – mask 6
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 25 sec/50 µm separation
iii. Post-exposure bake: 100oC – 2 mins
iv. Development: RD-6, 70 sec
v. Hard bake: 120oC – 2 mins
(e) Cleave wafer into 4 quarters
(f) Spin photoresist on carrier wafer
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 40 sec
iii. Attach 1/4 wafer to carrier wafer
iv. Hard bake: 120oC – 10 min
v. Hard bake: 140oC – 20 min
(g) Topside Si etch
i. Equipment: Plasmatherm SLR 770 ICP
ii. Recipe: bosch-1
iii. Depth: 400 µm
7. Final release
(a) Soak to separate wafers
i. Recipe: photoresist stripper 1165 at 80oC
ii. Time: overnight
(b) HF dip
i. Recipe: 49% HF
ii. Time: 40 sec
(c) SEM
i. Equipment: Hitachi SEM S4800
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APPENDIX C
Fabrication of Ultrananocrystalline Diamond
Cantilevers
Wafer specifications: DOI Wafer < 100 >, diameter: 100 mm
Device layer thickness: 2 µm UNCD
Handle thickness: 400 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
Box layer thickness: 1 µm
1. Cantilever formation
(a) Dehydration bake – 160oC/5 min
(b) Silicon nitride deposition
i. Equipment: STS PECVD
ii. Recipe: ztda5MF
iii. Time: 21 min
(c) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR7-1500P: 1000 rpm – 35 sec
iii. Soft bake: 150oC – 1 min 45 sec
(d) Photolithography – mask 1
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 30 sec/hard contact
iii. Post-exposure bake: 100oC/2 min
iv. Development: RD-6, 24 sec
v. Hard bake: 120oC – 10 min
(e) Silicon nitride etch
i. Equipment: Freon RIE
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ii. Gas: CF4
iii. Time: 7 min
(f) UNCD etch
i. Equipment: Freon RIE
ii. Gas: O2
iii. Etch depth: 2 µm
2. Via formation and metallization
(a) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(b) Photolithography – mask 2
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 20 sec/15 µm separation
iii. Development: MF-319, 55 sec
iv. Hard bake: 110oC – 10 mins
(c) Silicon nitride etch
i. Equipment: Freon RIE
ii. Gas: CF4
iii. Time: 7 min
(d) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(e) BOE Dip
i. Recipe: BOE
ii. Time: 10 sec
(f) Metal deposition
i. Equipment: AJA sputterer
ii. Recipe: Cr – 1 min
iii. Recipe: Au – 10 min
(g) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 1000 rpm/sec – 40 sec
iii. Soft bake: 120oC – 2 min
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(h) Photolithography – mask 3
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 35 sec/15 µm separation
iii. Development: MF-319, 75 sec
iv. Hard bake: 110oC – 10 mins
(i) Metal etch
i. Recipe: Au etchant
ii. Etch time: 1 min 45 sec
iii. Recipe: Cr etchant
iv. Etch time: 20 sec
(j) Photoresist stripping
i. Recipe: soak in acetone
ii. Time: 5 min
(k) Silicon nitride deposition
i. Equipment: STS PECVD
ii. Recipe: low deposition rate
iii. Time: 20 min
3. Cantilever Release
(a) Cleave wafer into 4 quarters
(b) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
iv. Hard bake: 110oC – 10 min
(c) BOE Dip
i. Recipe: BOE
ii. Time: 15 sec
(d) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 40 sec
iii. Softbake: 150oC – 2 min
(e) Photolithography – mask 4
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 25 sec/25 µm separation
iii. Post-exposure bake: 100oC – 2 min
iv. Development: RD-6, 2 min 45 sec
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v. Hard bake: 120oC – 10 min
(f) Spin photoresist on carrier wafer
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR5-8000: 1000 rpm – 40 sec
iii. Attach 1/4 wafer to carrier wafer
iv. Hard bake: 120oC – 10 min
v. Hard bake: 140oC – 20 min
(g) Silicon etch
i. Equipment: Plasmatherm SLR 770 ICP
ii. Recipe: bosch-1
iii. Depth: 400 µm
4. Final release
(a) Soak to separate wafers
i. Recipe: photoresist stripper 1165 at 80oC
ii. Time: overnight
(b) HF dip
i. Recipe: 49% HF
ii. Time: 40 sec
(c) SEM
i. Equipment: Hitachi SEM S4800
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APPENDIX D
Fabrication of Ultrananocrystalline Diamond
Cantilever Arrays
Wafer specifications: Silicon-UNCD Wafer < 100 >, diameter: 100 mm
Device layer thickness: 1.6 µm UNCD (1 µm undoped UNCD/0.5 µm doped
UNCD/0.1 µm undoped UNCD)
Handle thickness: 400 µm, Resistivity: 1-10 Ω-cm, doping: N/Ph
1. Cantilever formation
(a) Dehydration bake – 160oC/5 min
(b) Silicon oxide deposition
i. Equipment: Silicon Oxide PECVD
ii. Recipe: high deposition rate
iii. Time: 12 min
(c) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR NR7-1500P – 1000 rpm/35 sec
iii. Softbake – 150oC/2 min 15 sec with Al ring
(d) Photolithography – mask 1
i. Equipment: EV Group 420 Double Side Aligner
ii. Expose: 17 sec/hard contact
iii. Post-exposure bake: 100oC/2 min
iv. Development: RD-6, 1 min 15 sec
v. Hard bake: 110oC/10 min
(e) Silicon oxide etch
i. Equipment: Freon RIE
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ii. Gas: CF4
iii. Time: 15 min
(f) UNCD etch
i. Equipment: Freon RIE
ii. Gas: O2
iii. Etch depth: 1.6 µm
(g) Remove oxide mask
i. Recipe: BOE dip
ii. Time: 10 min
2. Via formation and metallization
(a) Silicon nitride deposition
i. Equipment: STS PECVD
ii. Recipe: ztda5MF
iii. Time: 13 min
(b) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Dehydration bake: 160oC – 5 min
iii. Spin PR 1827: 3000 rpm – 40 sec
iv. Soft bake: 120oC – 2 min
(c) Photolithography – mask 2
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 20 sec/10 µm separation
iii. Development: MF-319, 1 min 25 sec
iv. Hard bake: 110oC – 10 mins
(d) Silicon nitride etch
i. Equipment: Freon RIE
ii. Gas: CF4
iii. Time: 3.5 min
(e) Piranah clean
i. Recipe: piranha solution (H2SO4:H2O2 :: 70%:30%) at 120
oC
ii. Time: 5 min
(f) UNCD etch
i. Equipment: Freon RIE
ii. Gas: O2
iii. Time: 16 min
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(g) Metal deposition
i. Equipment: AJA sputterer
ii. Recipe: Cr – 1 min
iii. Recipe: Au – 10 min
(h) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
(i) Photolithography – mask 3
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 35 sec/15 µm separation
iii. Development: MF-319, 1 min 20 sec
iv. Hard bake: 110oC – 10 mins
(j) Metal etch
i. Recipe: Au etchant
ii. Etch time: 1 min 45 sec
iii. Recipe: Cr etchant
iv. Etch time: 20 sec
(k) Photoresist stripping
i. Recipe: soak in acetone
ii. Time: 5 min
(l) Silicon nitride deposition
i. Equipment: STS PECVD
ii. Recipe: ztda5MF
iii. Time: 32 min
3. Cantilever Release
(a) Cleave wafer into 4 quarters
(b) Spin photoresist
i. Equipment: BidTec SP-100 spinner
ii. Spin PR 1827: 3000 rpm – 40 sec
iii. Soft bake: 120oC – 2 min
iv. Hard bake: 110oC – 10 min
(c) Photolithography – mask 4
i. Equipment: EV Group 420 Double Side Aligner
ii. Exposure time: 35 sec/15 µm separation
iii. Development: MF-319, 1 min 20 sec
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iv. Hard bake: 110oC – 10 mins
(d) Silicon nitride etch
i. Equipment: Freon RIE
ii. Gas: CF4
iii. Time: 11 min
(e) Protect wafer back side
i. Dehydration bake: 140oC – 5 min
ii. Spin ProTek Primer on back side: 1500 rpm – 30 sec
iii. Bake: 205oC – 1 min
iv. Spin ProTek on back side: 1500 rpm – 60 sec
v. Bake: 140oC – 2 min
vi. Bake: 205oC – 1 min
(f) KOH etching
i. Solution temperature: 80oC
ii. Spin speed: 100 rpm
iii. Time: 1.5 hour
(g) SEM
i. Equipment: Hitachi SEM S4800
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